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ABSTRACT 
This thesis presents studies on magnetic and magnetoelectric behavior of composite 
multiferroics, materials that are strong candidates for next generation multifunctional 
devices. These investigations have been carried out on matrix based composite 
magnetoelectric multiferroics consisting of magnetostrictive cobalt ferrite (CoFe2O4) 
and piezoelectric barium titanate (BaTiO3) or bismuth ferrite (BiFeO3), with the 
magnetostrictive phase embedded in a three dimensional matrix of the piezoelectric 
phase. 
The direct magnetoelectric (ME) effect has been investigated in 0-3 composites of 
BaTiO3 (BTO) and CoFe2O4 (CFO). The ME response has been found to depend non-
linearly on the ratio of the magnetostrictive (CFO) content and it is proportional to the 
strength of the applied magnetic field. The non-linear behavior is explained in terms 
of the compound effect of the increasing CFO content and the number density of 
CFO-BTO interfaces.  
Epitaxial self-assembled nanocomposite thin films were grown by laser ablating 
targets of magnetostrictive (CoFe2O4) and piezoelectric (BiFeO3 or BaTiO3) phases, 
on (001) oriented substrates using a combinatorial approach. The surface morphology 
of the nanocomposite films reveal CFO nanopillars protruding out of a flat 
piezoelectric matrix. Structural properties were investigated by a four-circle 
diffractometer, which revealed the presence of the epitaxially grown phases and was 
used to find the in-plane and out-of-plane lattice parameters of the constituent phases. 
The magnetization hysteresis loops were measured by a SQUID magnetometer at 
room temperature. The highly magnetostrictive CFO phase under epitaxial strain from 
the piezoelectric matrix, exhibits a strong perpendicular anisotropy in the magnetic 
properties. Changes in the magnetic anisotropy were investigated under different 
strain conditions induced by (i) post growth annealing, (ii) exploiting phase transitions 
in the BaTiO3 substrate, and (iii) applying an electric field to the electromechanical 
substrates. 
It has been shown that by exploiting the hysteretic properties of a suitable 
electromechanical substrate, one can control volatile or non-volatile magnetic states 
xi 
 
by means of an electric field. These results make an important contribution towards 
the understanding and potential applications of magnetoelectric multiferroics. 
 
  
xii 
 
TABLE OF CONTENTS 
1. Magnetoelectric multiferroics ..................................................................... 1 
1.1 Introduction .......................................................................................... 2 
1.2 Significance of magnetoelectric coupling ............................................ 3 
1.2.1 Single-phase magnetoelectric multiferroics .............................. 5 
1.2.2 Composite magnetoelectric multiferroics ................................. 6 
1.3 Magnetostriction .................................................................................. 8 
1.3.1 Cobalt ferrite ............................................................................. 9 
1.4 Piezoelectricity ................................................................................... 10 
1.4.1 Barium titanate ........................................................................ 11 
1.4.2 Bismuth ferrite ........................................................................ 12 
1.5 Literature review on composite magnetoelectric multiferroics ......... 12 
1.5.1 0-3 type composites ................................................................ 14 
1.5.2 2-2 type composites ................................................................ 15 
1.5.3 1-3 type composites ................................................................ 15 
1.6 Advantages of thin films .................................................................... 18 
1.7 Statement of the problem ................................................................... 18 
1.8 Thesis outline ..................................................................................... 20 
1.9 Contribution of this thesis in the field of composite 
magnetoelectrics… ............................................................................. 21 
2. Experimental Techniques .......................................................................... 24 
2.1 Sol-gel technique ................................................................................ 25 
2.2 Pulsed laser deposition ....................................................................... 26 
2.3 Structural studies using x-rays ........................................................... 29 
2.3.1 Principle of x-ray diffraction................................................... 29 
2.3.2 Four-circle thin film x-ray diffraction ..................................... 31 
2.4 Magnetometry .................................................................................... 34 
2.5 Scanning electron microscopy ........................................................... 37 
2.6 Scanning probe microscopy ............................................................... 39 
2.6.1 Atomic force microscopy ........................................................ 39 
xiii 
 
2.6.2 Magnetic force microscopy ..................................................... 40 
3. Magnetoelectric properties of 0-3 composites ......................................... 42 
3.1 Theoretical models ............................................................................. 44 
3.2 Why 0-3 composites? ......................................................................... 45 
3.3 Objective of study .............................................................................. 46 
3.4 Preparation of BaTiO3-CoFe2O4 composites ..................................... 47 
3.5 Results and discussion ........................................................................ 48 
3.5.1 Crystallography ....................................................................... 48 
3.5.2 Magnetic and ferroelectric properties ..................................... 49 
3.5.3 Magnetoelectric effect ............................................................. 50 
3.6 Summary and Conclusions ................................................................. 58 
4. Annealing control of magnetic anisotropy............................................... 60 
4.1 Growth of vertical nanocomposites (1-3 type) .................................. 61 
4.1.1 Patterning techniques .............................................................. 62 
4.1.2 Self-assembly .......................................................................... 62 
4.2 Objective of this study ....................................................................... 63 
4.3 Growth and annealing conditions of BaTiO3-CoFe2O4 
nanocomposites .................................................................................. 64 
4.4 Properties of as grown and annealed BaTiO3-CoFe2O4 
nanocomposites .................................................................................. 65 
4.4.1 Surface morphology ................................................................ 65 
4.4.2 Structural properties: ............................................................... 68 
4.4.3 Magnetic properties ................................................................. 73 
4.5 Summary and conclusions.................................................................. 79 
5. Reversible electric control of magnetization ........................................... 80 
5.1 Objective of study .............................................................................. 84 
5.2 Growth of BFO-CFO nanocomposites on PMN-PT (001) substrate . 84 
5.3 Properties of BFO-CFO on PMN-PT (001) substrate:....................... 84 
5.3.1 Surface morphology: ............................................................... 84 
5.3.2 Structural properties ................................................................ 86 
5.3.3 Magnetic properties ................................................................. 89 
xiv 
 
5.3.4 Magnetoelectric measurements ............................................... 91 
5.4 Summary and conclusions.................................................................. 95 
6. Writing electrically, erasing thermally .................................................... 97 
6.1 Objective of the study ........................................................................ 99 
6.2 Growth of BFO-CFO nanocomposites on BTO substrate ................. 99 
6.3 Properties of the BFO-CFO self-assembled heteroepitaxial 
nanocomposites on BTO substrate ..................................................... 99 
6.3.1 Surface morphology of vertical nanocomposites .................. 100 
6.3.2 Structural properties of the as grown heteroepitaxial 
nanocomposites ..................................................................... 102 
6.3.3 Magnetic properties of the as grown film ............................. 103 
6.4 Investigating magnetoelectric response in BiFeO3-CoFe2O4 self-
assembled nanocomposites .............................................................. 104 
6.4.1 Magnetoelectric coupling through BTO phase transitions ... 105 
6.4.2 Magnetoelectric properties from structural analysis ............. 106 
6.4.3 Modification of magnetic properties using an electric field . 108 
6.4.4 Recovering magnetic properties by post-poled annealing .... 110 
6.5 Summary and conclusions................................................................ 112 
7. Summary and future work ...................................................................... 115 
7.1 Summary and conclusions................................................................ 116 
7.2 Future work ...................................................................................... 119 
8. References ................................................................................................. 122 
 
  
xv 
 
LIST OF FIGURES 
Fig 1.1 Publications per year with ‘magnetoelectric’ as a keyword, according to the 
Web of Science
TM25
............................................................................................ 3 
Fig 1.2 Different types of connectivity schemes in a two-phase system
59
. ................... 7 
Fig 1.3 Schematic diagram of the spinel unit cell with subunits showing the octahedral 
and tetrahedral sites............................................................................................ 9 
Fig 1.4 Unit cell of perovskite BaTiO3. ....................................................................... 11 
Fig 1.5 Schematics of composites at bulk scale (a) 0-3 composites, (b) 1-3 
composites, (c) 2-2 composites. ....................................................................... 14 
Fig 1.6 Left panel: TEM planar view image showing the surface morphology of a 
composite film with CoFe2O4 appearing as islands surrounded by BaTiO3 
matrix. Right panel: Magnetization versus temperature curve measured in a 
100 Ôe magnetic field for 1-3 self-assembled nanostructures, showing a  drop 
in magnetization at the ferroelectric Curie temperature, and the multilayered 
(2-2) nanostructures (black curve) showing negligible change in 
magnetization
63
. ............................................................................................... 16 
Fig 1.7 Dependence of the magnetic-ﬁeld-induced polarization Δ̅P3 on the magnetic 
ﬁeld for (a) the nanostructured ﬁlms and (b) the bulk composites of BaTiO3-
CoFe2O4 with 35 % CoFe2O4 content, at room temperature
92
. ........................ 17 
Fig 2.1 Pulsed laser deposition system with a KrF (248 nm) excimer laser (LAMBDA 
PHYSIK). ......................................................................................................... 26 
Fig 2.2 Schematic diagram showing basic components of a pulsed laser deposition 
system. ............................................................................................................. 27 
Fig 2.3 Schematic of angular degrees of freedom in a four-circle diffractometer. ...... 31 
Fig 2.4 Schematic of sample rotations for the four-circle diffractometer geometry. .. 31 
xvi 
 
Fig 2.5 Schematic diagram of a vibrating sample magnetometer. ............................... 35 
Fig 2.6 A Josephson devices consisting of two superconductors separated by a thin 
insulating layer
108
. ............................................................................................ 36 
Fig 2.7 Schematic diagram of Superconducting Quantum Interference Device  
(SQUID) detection system
110
. .......................................................................... 37 
Fig 2.8 LEO 1530 Thermally-Assisted Field Emission (TFE) Scanning Electron 
Microscope (SEM) used in this thesis. ............................................................ 38 
Fig 2.9 A simplified schematics of an atomic force microscope. ................................ 40 
Fig 3.1 Calculated ME response α33 for particulate composites (0-3 or 1-3) with 
CoFe2O4 as the embedded phase in a BaTiO3 matrix (a) using NSCA and CM 
and (b) using SCA. Triangles represent the experimental data
18; 21; 122
. .......... 45 
Fig 3.2 Schematics showing the preparation of composites by sol-gel technique and 
their subsequent processing. ............................................................................ 47 
Fig 3.3 X-ray diffraction pattern of (a) 20-80, (b) 30-70, (c) 40-60 and  (d) 50-50 
CoFe2O4–BaTiO3 composites. ......................................................................... 49 
Fig 3.4 Magnetization hysteresis loops of CFO-BTO composites measured at room 
temperature. ..................................................................................................... 50 
Fig 3.5 A schematic of the setup used to measure magnetocapacitance. .................... 51 
Fig 3.6 Frequency dependence of magnetocapacitance for different samples of CFO-
BTO composites measured using a magnetic field H = 1315 Ôe. ................... 52 
Fig 3.7 Frequency dependence of real part of the dielectric function
116; 119
. ............... 53 
Fig 4.1 (a) Surface morphology of BaTiO3-CoFe2O4 nanocomposite film sample S1 
(a) grown at 710°C b) size distribution of CoFe2O4 islands protruding out of 
the flat BaTiO3 matrix. Straight line shows the lognormal fitting of the data. 66 
xvii 
 
Fig 4.2 Atomic force microscopy showing surface morphology of BaTiO3-CoFe2O4 
nanocomposite film (sample S1) annealed at 850°C (a) top-view (b) 3D view.
.......................................................................................................................... 68 
Fig 4.3 X-ray diffraction pattern of (a) sample S1 and (b) sample S2 in as-grown and 
subsequent annealing states. Annealing temperatures are indicated. .............. 69 
Fig 4.4 X-ray phi scans of the (202) reflection for the film components BTO, CFO 
and the substrate STO (a) as-grown and (b) after annealing at 850C. ........... 70 
Fig 4.5(a) Magnetization loops of as-grown sample S1 perpendicular to the film plane 
and in the film plane along the (100) substrate direction. (b) Out-of-plane 
magnetization loops of a CoFe2O4 film grown at 710C and annealed at 
850C. All loops were recorded at 300 K. ....................................................... 73 
Fig 4.6 Out-of-plane magnetization loops after film growth and after annealing at the 
indicated temperatures for (a) sample S1 and (b) sample S2. .......................... 75 
Fig 4.7 For sample S1, dependence of (a) saturated magnetization and out-of-plane 
strain in CFO on annealing temperature and (b) magnetic coercivity on out of 
plane strain in CFO. ......................................................................................... 76 
Fig 5.1 Monoclinic lattice parameters of a PMN-PT (001) crystal as a function of the 
electric ﬁeld applied across the (001) sample normal. Lines are linear ﬁts180 . 83 
Fig 5.2(a) Scanning electron microscope image showing surface morphology of 
BiFeO3-CoFe2O4 nanocomposite film heteroepitaxially grown on PMN-PT 
substrate, (b) and (c) statistical distribution for 550 CFO islands, (with 
lognormal fit) of widths and lengths of the rectangular islands as seen in 
scanning electron microscopy image. .............................................................. 85 
Fig 5.3 a) A schematic diagram showing a CoFe2O4 pillar b) top view of a pillar 
showing (111), (͞111), (11͞1) and (1͞11) facets82. ............................................... 86 
Fig 5.4 X-ray diffraction θ-2θ pattern for BFO-CFO self-assembled nanostructures 
grown on (001) oriented PMN=PT substrate with diffracted intensity plotted in 
xviii 
 
logarithmic scale (a) 00l scan around the 002 peak, (b) l0l scan around the 202 
peak of substrate. ............................................................................................. 87 
Fig 5.5 In-plane and out-of-plane lattice parameters calculated from the reciprocal 
space map around 113 substrate reflections of BFO-CFO composites grown on 
001 oriented PMN-PT substrate....................................................................... 88 
Fig 5.6 Out-of-plane (black) and in-plane (red) M-H hysteresis loops of a BFO-CFO 
composite film grown on a (001) oriented PMN-PT substrate. ....................... 90 
Fig 5.7 Schematics of electric field controlled strain applied to BFO-CFO composites 
grown on a 001 oriented PMN-PT substrate with CFO pillars embedded in 
BFO matrix. ..................................................................................................... 91 
Fig 5.8 Magnetization hysteresis loops measured at room temperature in the (a) out-
of-plane and (b) in-plane orientations for two different strain states (E = 0 and 
13.3 kV/cm) of BFO-CFO nanocomposite ﬁlm grown on 001 oriented PMN-
PT substrate. Vertical axis shows magnetization on left while relative change 
of the magnetization between the two strain states as deﬁned in the text are 
shown on the right. ........................................................................................... 92 
Fig 5.9 In-plane magnetic response of BFO-CFO nanocomposite film on PMN-PT 
substrate to the time varying electric field measured at 300 K with a bias 
magnetic field of 10 k Ôe. ................................................................................ 95 
Fig 6.1(a) Scanning electron microscope image showing surface morphology of BFO-
CFO nanocomposites grown on BTO (001) substrate, (b) and (c) statistical 
distribution (with lognormal fit) of widths and lengths of the rectangular 
islands (total number of islands considered N = 500, as seen in scanning 
electron microscopy image. ........................................................................... 100 
Fig 6.2 Surface morphology of BFO-CFO nanocomposites grown on BTO (001) 
substrate, grown with oxygen pressure of 0.3 mbar showing a very flat BTO 
matrix. ............................................................................................................ 101 
xix 
 
Fig 6.3 High resolution Bragg-Brentano θ-2θ spectrum around the 002 peak of 
BaTiO3 substrate with heteroepitaxially grown BiFeO3-CoFe2O4 self-
assembled vertical nanocomposites. .............................................................. 102 
Fig 6.4 A Schematics diagram showing (a) a BaTiO3 substrate (b) domains aligned 
along x, y and z axes with white arrow showing the direction of the 
ferroelectric polarization vector. .................................................................... 103 
Fig 6.5 Magnetic hysteresis loops measured at room temperature in the out-of-plane 
and in-plane orientations of as grown heteroepitaxial BiFeO3-CoFe2O4 
nanocomposites on a (001) oriented BaTiO3 substrate. ................................. 104 
Fig 6.6 Different phases of the BaTiO3 crystal showing (a) structure (b) lattice 
parameters
116; 118; 119
 ....................................................................................... 105 
Fig 6.7 Magnetization as a function of temperature of vertical nanocomposites with 
CFO pillars embedded in BFO matrix, measured at 300 K along the CFO 
pillars (surface normal of the film) in an applied magnetic field of 100 Ôe. 106 
Fig 6.8 High resolution X-ray spectrum around the (002) peak of the BTO substrate 
with BFO-CFO nanocomposites grown heteroepitaxially on it before (black) 
and after (red) the application of an electric field of strength 6 kV/cm. Vertical 
dotted lines show the bulk positions of the respective peaks......................... 107 
Fig 6.9 Comparison of magnetic hysteresis loops of BFO-CFO self-assembled 
nanocomposites before and after the application of electric field of strength 6 
kV/cm in the (a) out-of-plane and (b) in-plane orientations measured at room 
temperature. The axis on the right shows the change in magnetization relative 
to the un-poled state. ...................................................................................... 108 
Fig 6.10 Comparison of the MFM images after (a) electrically modifying the domain 
pattern and (b) restoring the magnetic properties by post-poling annealing at 
130°C, the transition temperature of the BTO substrate. ............................... 111 
xx 
 
Fig 7.1(a) cross-sectional image from scanning transmission electron microscopy for 
the CFO-BTO composites grown by arc-melting (b) elemental analysis along 
the red line shown in (c)................................................................................. 120 
  
xxi 
 
LIST OF TABLES 
Table 1.1 Some examples of single phase magnetoelectric multiferroics with their 
corresponding electric and magnetic transition temperatures ............................ 6 
Table 1.2 Some examples of composite magnetoelectric multiferroics with different 
connectivity schemes and their magnetoelectric response................................. 8 
Table 3.1 Measured densities of the prepared BaTiO3-CoFe2O4 composite samples. 48 
Table 6.1 Comparison of the remanence and coercivity before and after the 
application of an electric field of 6 kV/cm .................................................... 109 
 
 
 
 
  
xxii 
 
LIST OF ABBREVIATIONS 
θ Bragg’s angle 
θc Critical angle 
PLD Pulsed laser deposition 
KrF Krypton fluoride 
nm nanometer 
J Joule  
Hz Hertz 
ns nanosecond 
XRD X-ray diffraction 
d  inter-planar spacing 
hkl miller indices 
abc lattice parameters 
ϕ azimuthal angle 
XRR X-ray reflectometry 
n refractive index 
VSM Vibrating Sample Magnetometer 
SQUID Superconducting Quantum Interference Device 
T  Tesla 
Oe Oerested 
K Kelvin 
°C Degree centigrade 
SEM Scanning electron microscope 
AFM Atomic force microscopy 
MFM Magnetic Force Microscopy 
λ wavelength 
 
 
1 
 
 
 
 
 
 
 
 
 
Chapter 1 
1.  Magnetoelectric multiferroics 
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This chapter introduces magnetoelectric multiferroics which exhibit coupled 
electric and magnetic orders. Magnetoelectric phenomena are observed in 
some naturally occurring multiferroic compounds as well as in so-called 
“artificial multiferroics”, which are synthesized composites of piezoelectric 
and magnetostrictive materials. This thesis discusses these composite based 
multiferroics and a brief overview of this class of materials is presented in 
this chapter, together with an overview of the materials used in this thesis. 
1.1 Introduction  
Three well known forms of ferroic orders
1
 are: ferroelectricity, ferroelasticity and 
ferromagnetism. Ferromagnetic and ferroelectric materials exhibit spontaneous 
magnetization and spontaneous electric polarization respectively. Ferroelasticity 
manifests itself as a spontaneous strain, produced by a stress induced phase change. 
Recently a fourth ferroic order, ferrotoroidicity
2
, has been discovered, in which 
magnetic vortices are found to have an ordered arrangement. These orders are 
sustained on the length scale of domains
1
 which are a common feature of any ferroic 
material. Ferroic materials are of great technological significance
3-8
 as they have been 
exploited in information storage devices and for optical, magnetic, and electronic 
switches.  
The charges of ions and electrons are responsible for ferroelectric ordering in solids. 
On the other hand, magnetic ordering is produced due to quantum mechanical 
exchange interactions which may be direct or indirect and are governed by the Pauli 
Exclusion Principle.  Materials that exhibit simultaneous electric and magnetic orders 
possess only a weak coupling between them. This is because the spin-charge-coupling 
that appears largely because of the relativistic spin-orbit coupling that links the field 
generated by the motion of the electron to its own electron spin, is relatively feeble. 
However there exists a class of materials in which an externally applied electric or 
magnetic field produces or enhances ferromagnetic or ferroelectric behavior, 
respectively. This class of materials  that displays simultaneous presence of mutually 
coupled magnetic and electric order parameters is known as magnetoelectric 
multiferroics
9
. 
Magnetoelectric multiferroics have drawn huge interest due to their potential for 
application in multifunctional devices
4-8; 10-19
. Coupling interaction between the 
different order parameters could give rise to new effects, for instance, the coupling of 
3 
 
magnetic and ferroelectric ordering produces the magnetoelectric (ME) effect
20; 21
 as 
first proposed by Pierre Curie
18; 20; 22
. The interest in magnetoelectric multiferroics has 
grown rapidly as depicted in Fig 1.1. The reason is two-fold. 
i. The coupling between lattices in crystals and spins, i.e. between 
ferroelectricity and ferromagnetism, has been found to be very complex and 
therefore  fascinating from a fundamental point of view
23; 24
. 
ii. The magnetoelectric coupling exhibited by these materials makes them 
extremely attractive  for new multifunctional device applications
24
 which 
exploit the coupling between the ferroelectric and ferromagnetic order 
parameters.  
 
Fig 1.1 Publications per year with ‘magnetoelectric’ as a keyword, according to the 
Web of Science
TM25
 
1.2 Significance of magnetoelectric coupling 
The magnetoelectric coupling effect is categorized as ‘direct’ or ‘inverse’ depending 
upon the order parameter that is being affected by the applied field. The direct ME 
effect is the appearance of a ferroelectric polarization P upon exposure to a magnetic 
field H. This is denoted by MEH and given by 𝑷 = 𝛼𝑯, where  is the 
magnetoelectric coupling constant. The appearance magnetization M upon exposure 
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to an electric field E is termed as the inverse magnetoelectric effect, designated as 
MEE and given by 𝑴 = 𝛼𝑬. Both of these phenomena are of practical importance
11; 15; 
20; 24; 26; 27
 for microelectronics
11; 18; 26
, magnetic memory
3-6; 10; 12; 17; 18; 27-29
 and sensor 
technologies
18; 26; 30
. The direct ME effect can also be exploited in energy harvesting
8; 
31; 32
, in as far as an ambient magnetic field can be used to generate a voltage. Room 
temperature operable devices based on the direct magnetoelectric effect are proposed 
to replace superconducting quantum interference devices (SQUIDS)
33; 34
, which are 
highly sensitive magnetic flux sensors, but can presently operate only at cryogenic 
temperatures. 
Of particular interest is electric-field-control of magnetization, which has a promising 
potential for reducing power consumption and realizing device miniaturization in 
memory and spintronic devices. In contrast to present day electronic devices which 
make use of only the charge of the electron, spintronic devices
35; 36
 take advantage of 
both the charge as well as the spin-degree of freedom of the electron and thus unite 
electric and magnetic properties. These devices are now-a-days most prominently 
used in magnetic hard disk drive read heads
37
. The 2007 Nobel Prize awarded to 
Albert Fert and Peter Grünberg for the discovery of giant magnetoresistance
38
, 
emphasizes unambiguously the importance of this field of research.  
Controlling magnetization is a very crucial feature for the realization of spintronic 
devices
35
. This becomes even more challenging at the nanoscale, where magnetic 
stability is challenged by the superparamagnetic limit, necessitating the use of high 
coercivity materials for ultra-high density memory devices that can provide storage 
densities of 1 Tbit.inch
-2
 or beyond. The generation of magnetic fields that are strong 
enough to switch these high coercivity materials on sufficiently small length scales is 
technologically difficult to realize and has high power consumption
39; 40
. The energy 
loss caused by the current flow in magnetic field assisted switching makes it difficult 
in having repeatable control of magnetization
41; 42
. Therefore new paradigms are 
required in order to continue progress in the field of information technology and al so 
to meet the challenges
15; 39; 40; 42-48
 in the present day technologies.  
In this context, the possibility to use an electric field for reversible switching of 
magnetization states appears as a very attractive alternative to present day current 
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driven READ-head technology. It is also expected to play an important role in the 
development of multifunctional spintronic devices
7; 16; 35; 36; 46
.  From a technological 
point of view, it is easy to generate energy efficient and fully switchable electric fields 
on even extremely small length scales. The materials that could provide such an 
electric field assisted control of magnetization should of course exhibit ferroelectric 
and ferromagnetic properties at the same time. Magnetoelectric multiferroics are 
therefore ideal candidates for use in such applications.  
The capabilities of magnetoelectric multiferroics  are excellently illustrated using the 
example of a magnetoelectric memory
27
. Here the voltage-driven switching speeds of 
sub-nanoseconds and WRITE operations of ferroelectric random access memory
49
 
using ultra-low power could be combined with the non-destructive READ 
operations
38
 of magnetic random access memory
3; 4; 10; 12; 19; 27; 48; 50
. These materials 
have the potential
17; 51
 to achieve storage densities up to and beyond the milestone of 
Tbit.in
-2
.  
ME multiferroic materials can essentially be categorized into two classes: the 
naturally occurring single-phase compounds
24
 and engineered composite 
multiferroics
20
.  
1.2.1 Single-phase magnetoelectric multiferroics 
Single-phase multiferroic materials possess coexisting and inherently coupled 
magnetic and electric orders and exhibit magnetoelectricity as an intrinsic effect
22-24; 
41; 52
.  
Table 1.1 shows a few examples of single phase magnetoelectric compounds. With 
the exception of some recently reported ferromagnetic compounds
45
, most of the 
single phase compounds have antiferromagnetic order which results in a weak ME 
response.  Although over ten different compound families
22
 have been widely 
investigated as multiferroic ME materials, a strong intrinsic coupling between 
multiferroic order parameters, especially above room temperature, has not yet been 
found in single-phase compounds
18; 22; 23
. Although this has hindered their practical 
applications, they remain attractive for their rich and interesting underlying physics
14; 
22; 23; 41; 45; 52-54
. So the search for new multiferroics is still proceeding at a rapid pace, 
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which could lead to discovery of many new members
23; 53
. Each new multiferroic is a 
challenge in itself since every substance has its own material specific aspects
41; 45; 55
, 
and curiosity for exploration of these aspects remains the driving force in this field
23; 
56-58
. 
Table 1.1 Some examples of single phase magnetoelectric multiferroics with their 
corresponding electric and magnetic transition temperatures 
Compound  Type of 
magnetic order 
Type of electric 
order 
Magnetic 
transition 
temperature 
(K) 
Electric 
transition 
temperature 
(K) 
23
BiFeO3 AFM FE 643 1123 
23
YMnO3 AFM FE 76 914 
57
DyFeO3 AFM FE 3.5 , 645 3.5 
57
LuFe2O4 AFM FE 330 330 
45
HoMnO3 FM FE 873 76 
1.2.2 Composite magnetoelectric multiferroics 
ME composites
9; 21
 are multiphase materials engineered by combining piezoelectric 
and piezomagnetic materials such that their respective ferroic orders are coupled to 
each other and so produce a ME response. The ME effect in composite materials is 
known to be a tensor property, which results from the interaction between different 
orderings of the two phases in the composite as first proposed by van Suchtelen in 
1972
9; 18; 20; 21
. Neither the piezoelectric nor magnetic phase has the ME effect, but 
composites of these two phases have shown remarkable ME effects. Thus the ME 
effect is a result of the product of the magnetostrictive effect in the magnetic phase 
and the piezoelectric effect in the piezoelectric phase, as defined by the following 
equations
18; 21
: 
or 
𝑀𝐸𝐻 =
𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑜𝑟𝑑𝑒𝑟
𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑠𝑡𝑟𝑎𝑖𝑛
×
𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑠𝑡𝑟𝑎𝑖𝑛
𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑜𝑟𝑑𝑒𝑟
 Eq. 1.1 
  
𝑀𝐸𝐸 =
𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑜𝑟𝑑𝑒𝑟
𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑠𝑡𝑟𝑎𝑖𝑛
×
𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑠𝑡𝑟𝑎𝑖𝑛
𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑜𝑟𝑑𝑒𝑟
  Eq. 1.2 
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These equations demonstrate that in composite magnetoelectrics, the ME effect is a 
coupling of electrical and magnetic orders via an elastic interaction (mechanical 
strain). That is, for the MEH effect, when a magnetic field is applied to a composite, 
the magnetic phase experiences strain because of the magnetostrictive effect. This 
magnetic field induced strain, when transferred to the piezoelectric phase, results in an 
electric polarization. Conversely, the MEE effect occurs when the strain experienced 
by the piezoelectric component is transferred mechanically to the magnetic phase and 
produces magnetization via the magnetostrictive effect.  Thus, the ME effect in 
composites is extrinsic, dependent upon the microstructure of the composite and the 
effectiveness of the strain mediated coupling across magnetostrictive-piezoelectric 
interfaces.  
1.2.2.1 Connectivity of composites 
An important factor in case of composite ME multiferroics is the connectivity, which 
affects the interfacial area between the constituent phases and hence the strength and 
effectiveness of the ME coupling. The connectivity is deﬁned in terms of the number 
of dimensions in which the components are connected to each other. 
 
Fig 1.2 Different types of connectivity schemes in a two-phase system
59
. 
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The geometry of composites can be designed based upon the connectivity
59
. For a 
system consisting of two, three and four phases, there are 10, 20 and 35 types of 
distinct connectivity schemes. The connectivity in general can be given by the ratio 
(𝒏+𝟑)!
𝟑!𝒏!
, where n represents the number of phases. Fig 1.2 shows the geometry for 
different connectivities (0-1, 0-2, 0-3, 1-1, 1-2, 1-3, 2-2, 2-3, and 3-3) in a two-phase 
composite. 0-3 connectivity implies particulate type of composite where one phase is 
dispersed in the form of 0-3 structures in the matrix and the other phase. 2-2 
connectivity represents layered geometry. The phases are connected in plane but not 
out of plane. This connectivity is most commonly used for multilayer capacitors and 
laminated magnetoelectric composites
60-62
. Another type of connectivity scheme is of 
1-3 type, consisting of one-dimensional structures of one phase embedded in a three-
dimensional matrix of the other phase
63; 64
.  
Table 1.2 lists a few examples of composite magnetoelectric multiferroics that have 
drawn significant interest in recent years due to their multifunctionality and their 
strong ME coupling coefficients at or above room temperature. 
Table 1.2 Some examples of composite magnetoelectric multiferroics with different 
connectivity schemes and their magnetoelectric response. 
Composites Connectivity ME coefficient 
(mV/(cmOe) 
65
BaTiO3-CoFe2O4 0-3 50 
66
Ni0.8 Zn0.2Fe2O4-Pb(ZrTi)O3 0-3 155 
66
Terfenol-D/Pb(Mg,Nb)O3 -PbTiO3 2-2 10300 
66
Terfenol-D in epoxy/ Pb(ZrTi)O3 1-3 500 
Composite based magnetoelectric multiferroics rely crucially on magnetostriction and 
piezoelectricity for strain mediated ME coupling and a brief overview of these 
phenomena is presented in the following section.  
1.3 Magnetostriction 
In 1842, Joule discovered changes in the dimensions of an iron rod when it was 
exposed to a magnetic field; this effect is known as magnetostriction. It manifests 
itself as the strain, or fractional change in length, induced in an object because of a 
magnetic field. The origin
67; 68
 of magnetostricition is spin-orbit coupling which is 
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also responsible for the crystal anisotropy. Magnetostriction plays a crucial role in 
composite magnetoelectric multiferroics, which rely on strain mediated coupling 
between the magnetic and electric orders. Materials displaying large magnetostriction 
are required as the magnetic constituent of composite multiferroics. The following 
section discusses the properties of cobalt ferrite that make it suitable for use as the 
magnetic phase in this research. 
1.3.1 Cobalt ferrite 
Cobalt ferrite (CoFe2O4) is a ferrimagnetic compound, which belongs to the family of 
spinel ferrites. Ferrites is a group of iron containing compounds that includes spinels 
(AFe2O4), garnets (AFe5O12), hexaferrites (AFe12O19) and orthoferrites (RFeO3), 
where A and R represent a metal and rare earth element, respectively. Among them, 
spinel ferrites have been recognized to have significant technological potential
69-71
 in 
a number of applications. Spinel ferrites have found applications in microwave 
magnetic devices
70
, magneto-optic data storage appliances
72
, sensors and also have 
potential biological applications such as drug delivery
73
.  
 
Fig 1.3 Schematic diagram of the spinel unit cell with subunits showing the octahedral 
and tetrahedral sites 
Spinels have a cubic structure with the oxygen ions (O
-
)
 
ions forming an FCC lattice. 
Cobalt ferrite, CoFe2O4 (abbreviated as CFO in this thesis) has a cubic unit cell with 
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lattice parameters a = b = 0.838 nm. The structure, shown in Fig 1.3, consists of 32 O
-
 
anions and 24 cations, making a total of 56 atoms. CFO is an inverse spinel with one-
eighth of the total 64 tetrahedral sites (A sites) and half of the total of 32 octahedral 
sites (B sites)  occupied by the metallic cations Fe
+3
, Co
+2
 and Fe
+3
. The large fraction 
of empty sites results in a very open structure conducive to cation migration which 
increases the complexity of this system. Under epitaxial growth conditions these 
empty sites allow for a large compressive strain
74
 and even a negative Poisson’s 
ratio
75
.  
CFO is unique among the spinel ferrites because of its large magnetic anisotropy and 
huge anisotropic magnetostricition (λ100 = -590×10
-6
 and λ111 = -120×10
-6
)
68; 71
. These 
features make it an excellent magnetostrictive candidate in composite multiferroics
61; 
63; 74; 76-80
. The tetrahedral sites occupied by eight Fe
+3
 ions align antiferromagnetically 
with respect to the octahedral sites that contain eight Fe
+3
 and Co
+2
 ions per unit cell. 
The calculated saturation magnetization value of 3µB per formula unit or per Co site is 
due to the three unpaired electrons in the d-orbitals of Co
+2
 ions. The measured 
saturation magnetization however, is about 4µB. This contradiction in the calculated 
and measured values of the saturation magnetization is because of the following 
reasons
69
: 
i. the calculation ignores the orbital contributions of electrons to the magnetic 
moment 
ii. the distribution of cations may not be perfect as assumed 
iii. The moments on Fe+3 ions on tetrahedral and octahedral sites are assumed to 
be aligned perfectly antiparallel, but in reality their alignment is not entirely 
perfect. 
1.4 Piezoelectricity 
Ferroelectric materials characterized by spontaneous and electrically switchable 
polarization continue to have a strong influence on the evolution of today’s electrical 
engineering, electronics, optics, and information technology
49
. If polarization appears 
in a crystal because of mechanical strain in its structure, then it is termed as the direct 
piezoelectric effect which is exploited in mechanical sensors. Conversely, 
ferroelectric ordering can induce strain in the crystal; this is known as the converse 
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piezoelectric effect and is employed in mechanical actuators. Barium titanate and 
bismuth ferrite have been used as piezoelectric phases in this project because of their 
similarities in crystal structure with the spinel phase (cobalt ferrite) and immiscibility 
with the latter under the growth conditions
63; 66; 81; 82
 used in this work.  
1.4.1 Barium titanate 
 
Fig 1.4 Unit cell of perovskite BaTiO3. 
Barium titanate (BTO) is a member of the perovskite family. Perovskites have a cubic 
structure and the general formula of ABO3, where A represents a divalent or trivalent 
cation and B is typically tetravalent or a trivalent. A perovskite unit cell is shown in 
Fig 1.4.  In BaTiO3, the A ions are Ba
+2
 which occupy the corners of the cube while 
Ti
+4
 ions are positioned at the B sites, a body center position inside an octahedron 
formed by the face centered oxygen ions. With a Curie temperature Tc = 393 K and 
large spontaneous polarization (~ 25 µC/cm
2
), barium titanate is one of the most 
important ferroelectrics. Above its Curie temperature, BTO is paraelectric and has 
cubic structure. As temperature decreases below TC, the cubic structure transforms to 
tetragonal (a = b = 0.399 nm, c = 0.404 nm). The elongation of the c-axis causes a 
displacement of the oxygen and titanium ions relative to the barium ions, resulting in 
ferroelectric polarization.  Further decrease in temperature results in transformations 
from tetragonal to orthorhombic and then orthorhombic to rhombohedral structure at 
290 K and 190 K, respectively, as discussed in section 6.4.1.  
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1.4.2 Bismuth ferrite 
Bismuth ferrite (BFO) is an antiferromagnetic ferroelectric with a Néel temperature 
TN ~ 370C and a ferroelectric Curie temperature TC ~ 820C. It is one of the rare 
single phase ME compounds with both ordering temperatures lying above 300 K and 
is therefore considered as a key multifunctional material for technologies beyond 
those based on metal-oxide-semiconductors. It emerges as an exciting platform for 
testing a new magnonic device concept
14; 55
, as its room temperature magnetoelectric 
response related to spin-orbit coupling induced by an electric field, can be used to 
tune the spin-wave frequency 
13
. BFO, a charge-transfer insulator, exhibits an energy 
gap of about 2.5 eV, which is quite small as compared to ordinary ferroelectrics 
whose energy gap lies in the ultraviolet region. This can be exploited to excite carriers 
in BFO with commercially available femtosecond laser pulses aiding the  
development of ferroelectric ultrafast optoelectronic devices
83
.  
However, despite its single phase magnetoelectric properties, BFO is also widely 
considered as a ferroelectric phase for composite magnetoelectrics, because of its 
weak magnetic response at room temperature. BFO has a rhombohedrally distorted 
perovskite structure with ar ~ 3.96 Å, αr ~ 0.6°. As in BaTiO3, polarization in BFO 
appears because of the off-centering of the body centered metal cation.  
1.5 Literature review on composite magnetoelectric multiferroics 
In the last few years, ME composites with a variety of constituents and different 
connectivity schemes have been investigated at the bulk and nano scales. A brief 
overview is given below. 
The prediction of product ME property in composites of magnetostrictive and 
piezoelectric phases
9; 20; 21; 65; 66
 led scientists at Philips Laboratory to experimentally 
discover a large ME effect in composites of BaTiO3 and CoFe2O4 
84
. They prepared 
ceramic composites of BaTiO3 – CoFe2O4 by unidirectional solidiﬁcation of eutectic 
compositions in the quinary Fe–Co–Ti–Ba–O system and obtained a room 
temperature ME response that was 200 times larger than the best available single-
phase material (Cr2O3) at that time. But unidirectional solidiﬁcation is a complex 
process as it requires critical control over processing parameters such as cooling rate 
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and temperature as well as over composition
18; 65; 66; 84
 (for example, a roughly 1.5 
weight%  excess of TiO2 in the composition resulted in a much higher 
magnetoelectric effect). Due to this reason, scientists subsequently developed sintered 
composites of piezoelectric BTO and magnetostrictive CFO phases
65
. Sintered 
composites have the following advantages over eutectic composites: 
i. sinter processing is much easier and economical for fabrication of ME 
composite ceramics 
ii. freedom in the selection of constituent phases, their dimensions and hence 
particle sizes 
iii. sintering provides the opportunity to combine phases with widely different 
crystal structures as the existence of a eutectic point is not required 
However, sintered composites
65
 have weaker ME response as compared to eutectic 
composites, so this field remained dormant until 2001, when the giant 
magnetostrictive rare-earth-iron alloy Tb1− xDyxFe2 (Terfenol-D) was reported. The 
emergence of Terfenol-D is considered as a milestone
18; 66
 in the development of bulk 
ME composites. However, Terfenol-D based ME composites are not suitable for low 
ﬁeld applications due to its relatively low magnetic permeability and huge saturation 
magnetic ﬁeld. Alternatively, some other soft magnetostrictive alloys, such as Ni(Mn-
Ga), Metglas, Permendur, or ferrites can be used. Among them, ferrites are most 
attractive for their large magnetostricition and good chemical stability.  
A large number of bulk ME ceramic composites have been reported, usually prepared 
by mixing powders of ferroelectric oxides and magnetic oxides (mainly ferrites) 
which are pressed into pellets and then sintered at high temperatures. These bulk ME 
ceramic composites have been investigated for their potential to exhibit large ME 
effects. However, so far, the observed ME effect in these composites is several times 
smaller than predicted, mainly due to
18; 20; 66; 85; 86
: 
i. their inherent preparation problems, such as atomic interfacial inter-diffusion 
and/or reaction problems 
ii. porosity and cracks introduced during pressing of powders 
iii. thermal expansion mismatch between two ceramic phases during high-
temperature processing 
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ME composites have been reported with different connectivity schemes and the most 
widely investigated schemes (schematics shown in Fig 1.5) are: 
a. Composites of 0-3 type: zero dimensional structures or particles of one phase 
embedded in a three dimensional matrix of the other phase, 
b. Composites of 2-2 type: horizontal structures consisting of alternating layers 
of constituents, and 
c. Composites of 1-3 type: one dimensional structures or pillars/rods of one 
phase embedded in a three dimensional matrix of the other phase. 
Usually, in particulate composites (0-3 or 1-3 structures, see Fig 1.5 (a) and (b), 
respectively), the magnetostrictive phase is embedded in a matrix of the piezoelectric 
phase. The major challenges
18; 66; 85
 and features in these widely investigated 
connectivity schemes are summarized below. 
 
Fig 1.5 Schematics of composites at bulk scale (a) 0-3 composites, (b) 1-3 
composites, (c) 2-2 composites. 
1.5.1 0-3 type composites 
These have the advantages of very simple processing and are therefore highly 
economical. They also have a very large piezoelectric-magnetostrictive interfacial 
area, a feature required for a high ME response. However, ferrites which are mostly 
used as the magnetostrictive content, are mostly semiconductors or poor electric 
insulators, and so deteriorate the insulation of the composite and create leakage 
problems, which makes it difficult for composites to sustain the fields required to 
switch magnetization. Also, it is desired to have good dispersion of a high 
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concentration of the magnetostrictive phase in the piezoelectric matrix. This gives rise 
to the problem of percolation and agglomeration of the magnetostrictive content 
which can provide a conductive path to the charges developed in the piezoelectric 
matrix. The piezoelectric matrix must be self-connected to form 0-3 connectivity. 
Thus the volume fraction of the magnetostrictive phase is limited because of 
percolation, which hinders the realization of the predicted ME response in these 
composites. Also, porosity, cracks, and piezoelectric-magnetostrictive interfaces 
result in space-charge polarization, making it difficult to measure the true strength of 
the ME coupling. Densification of these composites by high-temperature co-firing 
creates problems like interfacial inter-diffusion and undesired reactions. 
Uniform dispersion of the magnetostrictive phase can be controlled in 0-3 
nanocomposites films by patterning techniques. However, due to the small fraction of 
the magnetic phase, it becomes difficult to measure the magnetic signal of the 
composite film. Introducing a larger volume fraction of the magnetostrictive content 
results in leakage problems and percolation effects as discussed in bulk composites. 
Moreover, the matrix is clamped by the substrate which is also responsible for the 
reduced ME response in these nanocomposites. So 0-3 nanocomposites of 
magnetostrictive and piezoelectric phases are least investigated.  
1.5.2 2-2 type composites 
The main advantage of 2-2 composites, see Fig 1.5 (c), is that the leakage problem, as 
seen in 0-3 composites, can be avoided in horizontal alternating layers of piezoelectric 
and magnetostrictive phases bonded to each other using a binder/glue/epoxy. In 2-2 
composites, the magnetostrictive-piezoelectric interfacial area is reduced as compared 
to 0-3 composites and losses increase because of the poor quality of interfaces. 
Interfacial inter-diffusion/reactions as seen in case of 0-3 composites is still a key 
issue and low temperature processing is desired to avoid this problem. 
1.5.3 1-3 type composites 
Rods of a magnetostrictive material are glued into a piezoelectric matrix to obtain 1-3 
composites on the bulk scale. The advantages are that percolation and agglomeration 
effects can be avoided and a large volume fraction of the magnetic phase can be 
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introduced into the piezoelectric matrix. However the leakage problem as seen in 0-3 
composites remains unsolved in 1-3 composites as well. The poor quality of the 
magnetostrictive-piezoelectric interfaces hinders the large ME response in 1-3 
composites as well. Also, the generally poor quality of the piezoelectric-
magnetostrictive interfaces is a key issue
18; 66
 at the bulk scale, because coherent 
interfaces
66; 87
 are required for the efficient transfer of strain from one phase to 
another.  
The development of thin film growth techniques
88
, has led to the possibility of 
growing composite films with high quality interfaces at the nanoscale. Moreover, 
nanostructured films provide more degrees of freedom such as lattice strain
89-91
 that 
can provide for more efficient coupling between the constituent phases. In 2004 
Zheng et al. reported their pioneering work
63
  on heteroepitaxially grown vertical 
nanocomposite (1-3 type) films consisting of magnetostrictive CoFe2O4 pillars (20-30 
nm diameter) epitaxially embedded in a ferroelectric BaTiO3 matrix. The surface 
morphology of these samples is shown in Fig 1.6 (left panel).  
 
Fig 1.6 Left panel: TEM planar view image showing the surface morphology of a 
composite film with CoFe2O4 appearing as islands surrounded by BaTiO3 
matrix. Right panel: Magnetization versus temperature curve measured in a 
100 Ôe magnetic field for 1-3 self-assembled nanostructures, showing a  
drop in magnetization at the ferroelectric Curie temperature, and the 
multilayered (2-2) nanostructures (black curve) showing negligible change in 
magnetization
63
.  
Fig 1.7 depicts and compares the predicted ME response
92
 in 2-2 type and 1-3 type 
composites of BaTiO3-CoFe2O4 at the nano and bulk scales. At the nanoscale, these 2-
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2 composites are the most widely investigated because of their simplicity and ease of 
fabrication. They provide improved control over epitaxially grown interfaces without 
any significant leakage. However, the clamping effect from the substrate results in a 
weakening of the ME response making it comparable to that of their bulk 
counterparts. 
 
Fig 1.7 Dependence of the magnetic-ﬁeld-induced polarization Δ̅P3 on the magnetic 
ﬁeld for (a) the nanostructured ﬁlms and (b) the bulk composites of BaTiO3-
CoFe2O4 with 35 % CoFe2O4 content, at room temperature
92
. 
Vertical nanocomposites (1-3) exhibit a ME response which is much higher than that 
of bulk crystals because of the following reasons: 
i. None of the constituent phases is completely clamped by the substrate. 
ii. Heteroepitaxially grown vertical interfaces can introduce a huge strain even in 
much thicker films, which acts as a bridge to transfer strain from one phase to 
the other giving a huge ME response, as seen in Fig 1.7. 
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iii. Both phases have uniaxial magnetic and ferroelectric properties because of the 
epitaxial strain. 
Leakage effects however still remain a problem in (1-3) composites. 
Major challenges that limit a stronger ME response at the nanoscale are: 
i. the clamping effect from the substrate,  
ii. leakage from the low resistance magnetostrictive phase in matrix based 
composites, and 
iii. growth of a well-ordered magnetostrictive phase with a narrow size 
distribution embedded in the piezoelectric matrix 
1.6 Advantages of thin films 
ME multiferroic films, in comparison with bulk ME composites, have some unique 
advantages, for instance: 
i. Ferroelectric/piezoelectric and magnetostrictive phases can be tuned and 
controlled at the nanoscale, representing a new scale for exploring ME 
coupling mechanisms. 
ii. In bulk composites, the two constituent phases are usually combined by co-
sintering or adhesive bonding, which inevitably results in losses at the 
interfaces. These interfacial losses, in case of strain mediated composite 
magnetoelectric multiferroics, can be reduced significantly in epitaxially and 
coherently grown interfaces, as in thin films. 
iii. By combining different phases with similar crystal lattices, epitaxial or 
superlattice composite films have been designed, which facilitate the 
understanding of ME coupling at the atomic scale.  
In the following section, the research problem is identified and formulated with the 
objective of overcoming at least some of these challenges. 
1.7 Statement of the problem 
At the bulk scale, 0-3 composites are interesting because of their simplicity and ease 
of fabrication. Several models have predicted different behavior of the ME response 
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with the changing ratio of the magnetostrictive phases and obtained different values of 
the coupling strength in these composites. It is desirable to investigate the dependence 
of the ME response on the volume fraction of the magnetostrictive content 
experimentally and identify the model which predicts the coupling values with 
greatest accuracy. For this purpose 0-3 composites of BaTiO3-CoFe2O4 have been 
grown and investigated for ME response with two different approaches as discussed 
in chapter 3. These composites have been investigated for direct ME response. 
Strain can be induced at the nanoscale in these composites either statically (via a DC 
magnetic field induced charge) or dynamically (via an AC magnetic field induced 
alternating voltage). Dynamically controlled strain is of tremendous technological 
significance since it allows for interplay between the electric and magnetic order 
parameters. However, in order to have an efficient dynamic control of magnetic or 
ferroelectric properties it is important to develop an understanding of static strain in 
the composites.  
Controlling magnetic anisotropy by electric means remains an interesting scientific 
problem with promising prospects of energy efficient electric field assisted data 
writing and development of tunable microwave devices. Magnetization control by 
means of an electric field is a promising strategy to lower energy consumption of 
recording and sensing devices. In order to achieve this aim, the search for a 
fundamental and practical solution to modulate the surface/interface magnetism by 
electric fields is a vital issue. Composites grown on SrTiO3, as shown in Fig 1.6, have 
been reported for producing electric field assisted magnetic switching of the 
magnetostrictive phase in the perovskite matrix
7; 93; 94
.  However, the difficulty in 
poling the entire sample for thin films makes it very complicated to measure the total 
magnetization change induced by strain. Adoption of piezoelectric single crystal 
substrates then becomes a solution. This thesis discusses three different methods to 
control magnetic anisotropy: 
i. annealing control of magnetic anisotropy  
ii. the reversible electric control of the volatile magnetic states 
iii. heat assisted electric field driven control of non-volatile magnetic states 
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1.8 Thesis outline 
Composite magnetoelectric multiferroics investigated in this project have been grown 
by the sol-gel technique (0-3 composites) and pulsed laser deposition (PLD) (1-3 
composites). Chapter 2 introduces the different experimental and characterization 
tools/techniques used to grow and characterize the investigated 0-3 and 1-3 systems.  
The sol-gel derived composites of CFO and BTO have been investigated for 
magnetoelectric coupling by two methods: the magnetocapacitance (MC) or 
magnetodielectric (MD) method and dynamic method using the lock-in technique. 
The results have been explained and compared in chapter 3.  
Vertical nanocomposite films of CFO and BTO grown on (001) oriented crystals of 
SrTiO3 (STO) have shown a huge magnetic anisotropy in the as grown film. The 
saturation magnetization was found suppressed because of the elastic residual strain 
introduced during film growth. This strain can be released by post growth annealing 
treatment, which provides a very interesting controllable tool for not only tuning 
saturation magnetization but also the magnetic anisotropy. Thus one can tune and 
control these parameters for the desired application. This part of the work is discussed 
in chapter 4.  
Vertical nanocomposites grown on STO (001) are interesting for their perpendicular 
magnetic anisotropy but the purpose of growing these composites is to control the 
magnetization by means of an electric field. However these nanocomposites suffer 
from leakage
95
 due to the low resistance of the FM component, which makes it 
difficult to manipulate magnetization electrically. In order to solve this low resistance 
problem, ME nanostructures composed of FE and FM phases grown on 
electromechanical single crystals, offer a tremendous opportunity to achieve the 
desired goal. Depending on the properties of electromechanical substrates, this 
electric-field control of magnetization can be volatile or non-volatile, as has been 
demonstrated successfully in chapter 5 and chapter 6, respectively. A giant coupling is 
observed and explained in chapter 6, which demonstrates the potential of composite 
magnetoelectrics for an ultimate memory device, which is simultaneously dense, 
robust, fast, non-volatile and energy efficient. 
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1.9 Contribution of this thesis in the field of composite 
magnetoelectrics 
This thesis discusses composites consisting of CoFe2O4 (CFO) as a magnetostrictive 
phase, and BiFeO3 (BFO) or BaTiO3 (BTO) as piezoelectric phases. 
In the first part of the thesis (chapter 3), direct ME effect has been investigated in sol-
gel derived CFO-BTO composites. The ME response has been found to depend non-
linearly on the ratio of the magnetostrictive (CFO) content and it is proportional to the 
strength of the applied magnetic field. The non-linear behavior is explained in terms 
of the compound effect of the increasing ratio of CFO content. As the ratio of CFO 
content increases, the strain induced because of the magnetostriction increases, which 
is then transferred to the BTO phase inducing ferroelectric order in it. On the other 
hand, the increasing ratio of CFO content also results in an increase in the number 
density of the CFO/BTO interfaces, which ensures the efficient transfer of the 
magnetic-field-induced strain to the BTO matrix. 
The second part of this thesis discusses self-assembled vertical nanocomposites with 
the aim to control magnetization and magnetic anisotropy. These nanocomposites 
were grown by using combinatorial pulsed laser deposition, an approach which is 
advantageous over the commonly used single composite target approach, in terms of 
flexible and precise control over composition of the grown film. As perpendicular 
magnetic recording technology has been introduced recently, the nanocomposite 
grown on (001) oriented substrates are interesting, as the grown films on have pillars 
of the magnetostrictive phase embedded in the ferroelectric matrix exhibiting 
perpendicular magnetic anisotropy. Three different approaches were used to control 
magnetic anisotropy, viz. strain release via annealing, application of an electric field 
and phase transitions in ferroelectric BaTiO3 substrate. 
i. CFO-BTO nanocomposites with CFO pillars embedded in the three 
dimensional network of BTO, were grown on (001) orientation of SrTiO3 
substrates at 650 °C and 710 °C. The very strong vertical compression in unit 
cell of CFO, as studied by X-ray diffraction, induces a large perpendicular 
magnetic anisotropy in the nanocomposite film with a suppression of 
saturation magnetization. Post-growth annealing treatment above the growth 
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temperature was used as a tool to gradually release this compression. This 
allows one to tune and monitor the stress-induced magnetic anisotropy. 
Additionally, annealing leads to significant enhancement of the saturation 
magnetization MS. Since MS of a pure CFO film remains unchanged by a 
similar annealing procedure, it is proposed that MS depends on the volume 
fraction of CFO phase obtained because of phase separation. It is concluded 
that MS can be utilized to monitor the degree of phase separation in BTO-CFO 
nanocomposite films. 
ii. We are interested in the electric field control of magnetic anisotropy from the 
perspective of device design and application. Magnetoelectric composites 
grown on SrTiO3 are prone to the leakage of charge. This so called ‘leakage 
problem’18; 95. As an alternate approach, composite have been grown on 
electromechanical substrates. The CFO-BFO self-assembled vertical 
nanocomposites with CFO pillars embedded in the matrix of BFO matrix were 
grown on (001) oriented substrates of Pb(Mg1/3Nb2/3)1-xTixO3 (PMN-PT) with 
x = 0.28.   PMN-PT crystals with this composition can be used as electric field 
driven, a precisely controlled, uniform, biaxial and reversible source of strain. 
This strain can be transferred to the film epitaxially grown on it. The purpose 
of this part of study was to exploit this property of the PMN-PT crystal and 
achieve a reversible electric field control of magnetization. With this 
reversible electric field control of magnetization, the BFO-CFO 
nanocomposites on PMN-PT substrate can be viewed as a potential 
replacement of the current driven write technology in the present memory 
devices. On the other hand, in microwave devices, this feature could enable us 
to have and energy efficient, ultrafast, and precisely controlled tuning.  
iii. Nanocomposites with perpendicular magnetic anisotropy are interesting in 
magnetic storage devices. For this purpose the magnetization changes induced 
because of the electric field must be persistent and sharp. For this purpose, the 
hysteric nature of the ferroelectric substrates can be exploited. The BTO 
crystals as a substrate are interesting in this regard as they provide surfaces 
which can be dynamically strained. CFO-BFO nanocomposites were grown on 
BTO (001) substrates. Magnetoelectric coupling in CFO-BFO nanocomposites 
films grown by self-assembly on BTO substrates has been demonstrated by 
exploring changes in the magnetization of the composite film induced by 
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structural phase transitions in BTO.  Large changes in magnetization can be 
seen in magnetization versus temperature curve (-57% at the rhombohedral to 
orthorhombic transition and -17% at the orthorhombic to tetragonal phase 
transition). These anomalies in magnetization appear because of the strain 
induced due to structural transitions/distortions of the BTO substrate, and are 
the consequence of magnetoelectric coupling in these nanocomposites. Giant 
ME response was measured inside a SQUID magnetometer. After the 
application of a small electric field (6 kV cm
-1
) across the thickness of BTO 
substrate, persistent and sharp changes in magnetization (up to -64% in the 
out-of-plane and 68% in the in-plane orientation) were observed at room 
temperature. These changes  represent a giant magnetoelectric coupling (α = 
2.4 ×10
−6 
s m
−1
) that originates from strain due to electric-field driven 
switching of ferroelectric in-plane domains to out-of-plane orientation in the 
BTO substrate, as confirmed by x-ray diffraction. The resulting distortion 
alters the strain state of the overlying BFO-CFO nanocomposite film, modifies 
the magnetic properties and hence the magnetic anisotropy of the film. The 
coupling persists over a wide range of temperatures (up to 420 K). The 
reported
34
 coupling values (α = 2.3 ×10−7 s m−1) for a La0.67Sr0.33MnO3 film 
grown epitaxially on a BTO substrate. However the reported coupling value 
was measured at the rhombohedral to orthorhombic transition which occurs at 
roughly 200 K in this compound. In the present work, the above mentioned 
strength of the magnetoelectric coupling was measured at room temperature 
(300K). 
These results make a very important contribution towards the understanding and 
applications of strain mediated ME effect in nanocomposites with perpendicular 
magnetic anisotropy. 
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Chapter 2 
2.  Experimental Techniques 
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 “This chapter presents an overview of the experimental techniques used in 
this project. Structural characterization of the sol-gel derived composite 
samples was done by powder X-ray diffractometry. Thin film composites 
having (1-3) connectivity were grown by pulsed laser deposition. Their 
structural properties were investigated using a four-circle diffractometer and 
the morphology was studied using atomic force microscopy (AFM) and 
scanning electron microscopy (SEM), each method providing different and 
valuable information. A vibrating sample magnetometer and 
superconducting quantum interference device (SQUID) were used to study 
the magnetic properties of all samples.” 
In this project, 0-3 composites were synthesized using the sol-gel technique, due to its 
low expense and ability to produce samples of different dimensions at large scale. 
Growth of (1-3) nanocomposites films however, is governed by kinetics of self-
assembly of immiscible constituent phases on a given substrate. So the (1-3) samples 
were prepared using pulsed laser deposition in a combinatorial approach. BaTiO3 
(BTO), BiFeO3 (BFO) and CoFe2O4 (CFO) targets were used for this purpose. The 
motivation behind the use of these materials is given in chapter 1. A brief overview of 
the techniques used in this project is presented below. 
2.1 Sol-gel technique 
The sol-gel process is a versatile solution process
96; 97
 for making a variety of 
advanced materials, including ceramics. This process involves the transition of a 
solution system from a liquid “sol”, which is mostly a colloid, into a solid form called 
the “gel”. This technique has many processing advantages such as ease of setup, 
flexible control of the constituent phases and possible dopants, cost-effectiveness, and 
large sample throughput
96
. Because of these features, it has been extensively applied 
to fabricate various functional thin films
98
, including nonvolatile ferroelectric 
memories and nanocomposite films
96; 99; 100
, as well as fine and ultrafine particles
86; 
100; 101
. The sol-gel process has the potential for achieving very high levels of chemical 
homogeneity in colloidal gels and can be used to synthesize a large number of novel 
ceramic oxide compositions which cannot be made using traditional ceramic powder 
methods
97
. 
Inorganic metal salts or metal organic compounds such as metal alk-oxides are 
usually used to prepare the sol. Precipitation, spray pyrolysis or emulsion techniques 
can be used to produce very fine and uniform ceramic powders
101
 from the sol. The 
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sol can be subjected to a series of reactions to form a gel, which is processed further 
to fabricate ceramic materials in different forms. Thin films can be grown on a 
substrate using spin-coating or dip-coating. Dense ceramic or glass articles can be 
obtained by drying and heat-treatment of gel. If liquid is removed from the wet gel 
under a supercritical condition, a highly porous and extremely low density material 
called an "aerogel" is obtained.  The sol-gel technique is also very useful in producing 
composite materials of a given phase embedded in the matrix of another
86; 101
, and is 
therefore useful for making  magnetoelectric composites, in particular those with the 
0-3 connectivity scheme.  
2.2 Pulsed laser deposition 
Pulsed laser deposition (PLD), a physical vapor deposition technique, has emerged as 
one of the most popular and intrinsically simple techniques for growth of a wide range 
of the most exciting materials being explored for the next-generation materials 
applications. Its main advantages are its inherent versatility, flexibility and speed of 
process that can be applied to essentially any material, from metals, through binary 
compounds to technologically significant complex oxides.  
 
Fig 2.1 Pulsed laser deposition system with a KrF (248 nm) excimer laser (LAMBDA 
PHYSIK). 
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Nanocomposite films discussed in this thesis, were grown by pulsed laser deposition 
system with a KrF laser (248 nm), shown in Fig 2.1.   
A simple PLD system has the following components:  
 laser beam source  
 stainless steel vacuum chamber  
 rotating target holder  
 substrate holder attached to a heater  
A pulsed laser beam of sufficient energy can ablate a target when focused onto it by a 
lens, generally located outside the vacuum chamber.  The ablated material from the 
target surface forms a “plume” which contains forward-directed energetic particles 
that can deposit on a substrate mounted on a heater block whose temperature can be 
varied. The ablation process takes place at the target surface in the vacuum chamber, 
either in vacuum or in the presence of some background gas. In the case of oxide 
films, oxygen is the most common background gas used. Multiple targets can be 
ablated successively to have multilayered structures of nanocomposite films.   
 
Fig 2.2 Schematic diagram showing basic components of a pulsed laser deposition 
system. 
Film deposition using PLD involves complex physical phenomena
88
. Generally, a 
PLD process can be divided into the following four steps:  
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i. laser interaction with target surface 
ii. formation of the plume of ablated material  
iii. deposition of the ablated material on the substrate 
iv. nucleation and growth of the deposited material on the substrate surface 
Each of the above mentioned steps plays a critical role in defining the quality and 
characteristics of the grown films and several parameters need to be carefully 
optimized to grow high quality films
88
. These include substrate temperature, laser 
energy density and frequency, target-to-substrate distance, base pressure and back 
ground gas pressure.  
The substrate temperature is the most critical parameter in the fabrication of highly 
crystalline films. Films grown at low temperatures are generally amorphous, because 
the atoms arriving at the substrate do not have sufficient energy to settle in the 
minimum energy configuration given by a particular crystal structure. As the substrate 
temperature increases, crystallinity improves. To achieve epitaxially gown films, the 
substrate temperature must be optimized, which is also an important factor to control 
the epitaxial strain in the films
76; 102; 103
. 
The energy density or fluence of the laser beam significantly affects the uniformity of 
the film. Target-to-substrate distance is another important parameter that governs the 
angular spread of the laser-ablated material. In case of oxide films, the oxygen partial 
pressure is also a very important parameter, because it ensures that oxygen ions lost 
during ablation can be duly replaced. The chamber is normally evacuated to a base 
pressure of ~ 10
-5
 Torr before the introduction of a reactive gas, such as oxygen, into 
the chamber. 
PLD has an advantage over the other deposition techniques because of its versatility
88
. 
A wide range of materials can be deposited in a wide variety of gases over a broad 
range of gas pressures and substrate temperatures. Furthermore, the process is 
conceptually simple in that a laser beam vaporizes a target surface producing atoms 
and molecules that are deposited on the substrate forming a film with nearly the same 
composition as of the target. Because of the very short pulse width of the laser, the 
evaporation of the target is negligible.  
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Another advantage of PLD is its cost-effectiveness. Multiple chambers can be set up 
around one laser source with the laser beam directed to each chamber using mirrors 
and lenses. In addition, it is a fast and relatively clean process, and can be used to 
grow multilayer hetero-structures simply by using multiple targets. 
However, there are certain drawbacks associated with PLD as given below: 
i. The intrinsic “splashing” associated with laser ablation results in the 
incorporation of micron to submicron sized particles into the film. However, a 
number of schemes can be used to eliminate these particles, such as using a 
high quality target, velocity filters, shadow masks, etc.  
ii. Scaling up is another concern for the PLD technique. The highly directional 
plume makes the film uniform only over a relatively small area.  
2.3 Structural studies using x-rays 
2.3.1 Principle of x-ray diffraction 
When electromagnetic radiation impinges on periodic structures with geometrical 
variations on the length scale of the radiation’s wavelength, diffraction effects are 
observed. Crystals and molecules have interatomic distances lying roughly between 
0.15 - 0.4 nm, which correspond to the wavelength of x-rays having photon energies 
between 3 and 8 keV. Therefore, when crystalline and molecular structures are 
exposed to x-rays, phenomena like constructive and destructive interference should be 
observable. 
When a material is exposed to x-rays, there is a possibility of three different types of 
interactions in the relevant energy range.  
1. Photoionization: electrons may be liberated from their bound atomic states as 
energy and momentum are transferred from the incoming radiation during 
inelastic scattering. 
2. Compton scattering: a second kind of inelastic scattering that the incoming x-
ray beams may undergo. In this process energy is transferred to an electron 
(without that electron being ejected from the atom) resulting in an increase in 
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the wavelength of the scattered photon in comparison to that of the incoming 
photon.  
3. Thomson scattering: elastic scattering of electrons by incoming x-rays.  These 
electrons oscillate like a Hertz dipole at the frequency of the incoming beam 
and become a source of dipole radiation. In contrast to photoionization and 
Compton scattering, Thomson scattering is elastic. This component in the 
scattering of x-rays is used for structural investigations by x-ray diffraction. 
X-ray diffraction yields information about the structure of the sample from the 
monochromatic x-rays of wavelength “λ” diffracted from its surface at the glancing 
angle “θ”. The Bragg equation, formulated by W. H. Bragg and W. L. Bragg in 
1913
104; 105
, describes the position of the x-ray scattering peaks in angular space. 
2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 = 𝑛 Eq. 2.1 
Here the distance between two adjacent crystal planes in a solid is denoted by the 
inter-planar spacing “dhkl”, where (hkl) are the Miller indices of the corresponding 
lattice planes.  Named after the discoverer, the most intense interference peak is 
named as the Bragg reflection, and its angular position is called the Bragg angle “θB”.   
The lattice parameters a, b and c are related to the measured inter-planar spacing of 
tetragonal systems (those investigated in this work) as shown in the following 
equation: 
1
𝑑ℎ𝑘𝑙
=
ℎ2
𝑎2
+
𝑘2
𝑏2
+
𝑙2
𝑐2
 Eq. 2.2 
In this project, powder composites were studied by using an x-ray diffractometer 
(Xpert Pro, Panalytical) and nanocomposites thin films were studied by a four-circle 
x-ray diffractometer (Philips X’pert PW 3373). The powder diffractometer was only 
used for θ-2θ scans whereas the four-circle diffractometer was also used to perform 
reflectivity measurements, ϕ scans and reciprocal space maps in addition to standard 
θ-2θ scans. 
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2.3.2 Four-circle thin film x-ray diffraction 
Four circle diffractometers are used in the Bragg-Brentano geometry to obtain 
symmetric reflections of planes with spacing between ~ 0.9 Å and 30 Å. In a four 
circle diffractometer there are four angular degrees of freedom in which the 
diffractometer can move. These are 2θ, θ, ϕ, and χ. Figures 2.3 and 2.4 depict a 
schematic of these angles and the corresponding sample rotations respectively. 
 
Fig 2.3 Schematic of angular degrees of freedom in a four-circle diffractometer. 
 
Fig 2.4 Schematic of sample rotations for the four-circle diffractometer geometry. 
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2.3.2.1 Theta-2theta scan 
A θ-2θ scan measures intensity variation due to interference of x-ray beams diffracted 
from different crystal planes. In this scan, the x-ray beam is directed towards the 
sample surface at an angle θ, while the detector monitors the scattered radiation at the 
same angle. During scanning, the source and detector angles are synchronized to each 
other, so that the Bragg condition is always satisfied. The reason for naming the 
measurement procedure a θ-2θ scan lies in the fact that this scan can be understood as 
a variation of the deviation angle when it is determined with respect to the extended 
incoming beam and this angle is 2θ for all points in such a scan. Scanning the 2θ and 
θ circles together allows for the measurement of the inter-planar spacing. The detector 
should accordingly move on a sphere of constant radius R centered on the sample 
position.  Data collection is performed in reflection mode.   
The quantity measured in this scan is the intensity of the electromagnetic radiation 
scattered into the detector and results are typically presented in terms of intensity as a 
function 2θ. Using the Bragg equation and the unit cell parameters, these reflections 
are assigned their corresponding Miller indices. For this purpose the d values of the 
2θB reflex positions are calculated according to the Bragg equation and are compared 
with the solution of equation 2.2.  
2.3.2.2 Azimuthal scan 
An azimuthal scan, widely known as the ϕ scan, is a powerful tool to find out the 
degree of texture of a film and is used to determine the quality of epitaxy in a film. 
Most of the films studied in this project have approximately cubic lattice structure. 
Exceptions are some films with small distortions in the lattice structures which induce 
tetragonal, orthorhombic, or rhombohedral crystal structure.  
The azimuthal degree of ordering of crystallites is critical to understanding the 
properties of crystals. The ϕ scan is also used to support the results obtained from θ-
2θ scans. For example, consider a case where all crystallites in the sample have their 
c-axis oriented perpendicular to the substrate surface, seen from solely 00l reflections 
occurring in the diffraction pattern. It is desirable to confirm the results of the 00l scan 
and hence the perfection in the layer texture. A method that might be applied for this 
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purpose is the measurement of an h0l reflection. For a perfectly 00l-textured film this 
reflection can only be observed in a tilted configuration, i.e. χ ≠ 0. For instance, a c-
oriented cubic crystal could be tilted to 45 to the (101) family of planes in order to 
reveal the in-plane character of the film. So for (101), the ϕ scans would display four-
fold symmetry peaks corresponding to (101), (10͞1), (011), and (01͞1) for an epitaxial 
film with cubic structure. 
The tilt angle “χ” in terms of indices of the crystalline direction normal to the sample 
(h1, k1, l1) and indices of the family of planes of interest (h2, k2, l2) is determined by: 
cos 𝜒 = (ℎ1ℎ2 + 𝑘1𝑘2 + 𝑙1𝑙2)/[ℎ1
2 + 𝑘1
2 + 𝑙1
2)(ℎ2
2 + 𝑘2
2 + 𝑙2
2)] Eq. 2.3 
 If a spectrum is collected for 2θh0l, the reflections will accordingly be observed for 
the tilt angle “χ”. The width of the intensity of the peaks represents a measure of the 
degree of alignment in the crystalline ensemble.  
2.3.2.3 X-ray reflectivity 
In this method the diffractometer operates in the symmetric θ-2θ configuration, but 
with smaller θ angles than those used in a typical θ-2θ scan. The critical value of the 
angle “θc” depends on the density of electrons in the substrate and the thin film. The 
most significant feature in the intensity versus 2θ plot is the occurrence of intensity 
oscillations, known as Kiessig oscillations or Kiessig fringes after H. Kiessig who 
reported this phenomenon in 1931
104
. 
X-ray reflectometry or x-ray reflectivity (XRR) does not depend on the diffraction of 
x-rays. Rather it makes use of refraction and reflection of radiation. In case of thin 
films one can also determine the real and imaginary parts of the complex index of 
refraction using optical ellipsometry. The difference between both methods is the 
wavelength of the radiation, which differs by about three orders of magnitude. 
For this reason small incidence angles are used in XRR. Another property of XRR lies 
in the fact that x-rays have a refractive index “n” that is smaller than unity.  XRR 
belongs to the larger group of scattering methods and is not a diffraction technique. Its 
use to investigate thin films has increased over the last few years. This increased 
interest may arise from the fact that the diffractometers have been equipped with 
34 
 
goniometer stages which may equally be used for this type of measurement. The XRR 
technique provides important information about a thin film specimen, such as surface 
roughness, density, chemical composition and thickness. Also, it is important to note 
that as XRR doesn’t rely on diffraction phenomena, it can be used to investigate 
amorphous materials. 
2.3.2.4 Reciprocal space mapping 
High resolution X-ray space maps are powerful tools for the characterization of 
epitaxially grown nanocomposites
104; 106
. They yield information about the quality of 
epitaxy and strain in the lattices. One may compare a reciprocal space map with the 
pole figure measurement. The most important distinction between both is that 
reciprocal space mapping generally operates in a more restricted area and at a much 
higher resolution. In addition, non-coplanar configurations are used for pole figure 
measurements in contrast to reciprocal space maps which are generally measured in 
coplanar configuration.  
2.4 Magnetometry  
Magnetic properties of the grown composites were investigated by using vibrating 
sample magnetometer and superconducting quantum interference devices (SQUID). 
Both of these techniques are discussed below. 
A Vibrating Sample Magnetometer (VSM) was used to measure the magnetic 
properties of sol-gel derived composites. The working principle of the VSM is very 
simple. A magnetic moment is induced in the sample in the presence of a 
homogenous magnetic field.  If this sample is made to undergo sinusoidal oscillatory 
motion, the resulting magnetic flux change through a set of detection coils located in 
the proximity of the sample induces a voltage them. The magnitude of this voltage is 
proportional to the magnetic moment of the vibrating sample. Fig 2.5 shows a typical 
VSM set up.  
The sample is suspended from a vibrating drive head by a non-magnetic rod, placed in 
a region of dc magnetic field produced by an electromagnet. The vibrator causes a 
vertical sinusoidal vibration of the sample with a frequency of 82 Hz and amplitude of 
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about 2 mm parallel to the applied dc magnetic field. The sample is positioned at the 
center of the detection coils, which consist of a pair of counter-wound and carefully 
balanced coils. The sinusoidal motion of the sample induces an electrical signal in the 
detection coils and the detected signal is proportional to: 
i. the frequency and amplitude of the sinusoidal motion, 
ii. the magnetic response of the sample to the applied magnetic field, 
iii. a geometrical factor that takes into account the surface area of the 
detection coils and their distance from the sample. 
 
Fig 2.5 Schematic diagram of a vibrating sample magnetometer. 
A capacitor which also acts as a reference signal generator, keeps the frequency and 
amplitude of the sinusoidal motion constant. Phase-sensitive lock-in detection 
technique is used to extract the output signal at the frequency of the reference signal.  
A VSM provides a fast and easy method to study the magnetic properties of a 
material. It can be equipped with a cryostat or oven to expand the temperature range 
below and above room temperature respectively. However, the resolution (10
-5
- 10
-7
 
emu) of a VSM is low as compared to that of a Superconducting Quantum 
Interference Device (SQUID) magnetometer (10
-8
 – 10-10 emu). For our thin film 
samples with magnetic signals smaller than 10
-5
emu, SQUID has been used for all 
magnetic characterizations. A Superconducting Quantum Interference Device 
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magnetometer (SQUID) is a special kind of VSM that is made very sensitive to 
extremely small changes in magnetic flux by using a pair of Josephson junctions for 
flux measurement. The resolution threshold for SQUID is ~10
-14 
emu. A SQUID 
exploits the properties of electron-pair wave coherence and Josephson Junctions
107
 to 
detect very small magnetic fields. In this work Quantum Design MPMS-5S with 
maximum field strength of ~ 5 Tesla has been used.
 
 
Fig 2.6 A Josephson devices consisting of two superconductors separated by a thin 
insulating layer
108
. 
The Josephson tunneling junction device which acts as a flux-to-voltage transducer is 
the central element of a SQUID. A Josephson junction
109
 consists of two parallel 
superconducting loops separated by a thin insulating barrier. Under appropriate 
conditions, electrons can tunnel from one superconductor to the other through this 
insulating layer. A SQUID Josephson device with two parallel Josephson junctions is 
shown in Fig 2.6.  
Fig 2.7 is a schematic diagram of SQUID detection system. The set of 
superconducting sensing loops acts as detection gradiometer coils. They are 
accurately balanced and configured in such a way that only the magnetic flux induced 
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by the magnetization of the sample is detected (i.e. it expels the uniform field applied 
to the sample by the superconducting magnet). The movement of the sample results in 
change in the flux through the coils and induces a proportionate voltage in the 
detection coils.  
 
Fig 2.7 Schematic diagram of Superconducting Quantum Interference Device  
(SQUID) detection system
110
. 
2.5 Scanning electron microscopy 
Scanning electron microscopy (or SEM) is one of the most versatile instruments 
available to examine and analyze the morphology of a solid on the nanoscale by 
scanning it with a focused beam of electrons. Due to interaction of electrons with 
atoms in the sample, various detectable signals are produced which provide 
information about the sample’s topography and composition. The sources of these 
different types of signals are: 
i. secondary electrons generated as photoionization products 
ii. back scattered electrons reflected from the surface of the sample by 
elastic scattering 
iii. characteristic x-rays emitted when the incident electron beam removes 
an inner shell electron, resulting in a higher-energy electron filling this 
vacancy by releasing energy 
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iv. light, specimen current and transmitted electrons 
The most common mode of detection is the collection of secondary electrons. These 
are detected by a type of scintillator detector known as an Everhart-Thornley 
detector
111
,.  
 
Fig 2.8 LEO 1530 Thermally-Assisted Field Emission (TFE) Scanning Electron 
Microscope (SEM) used in this thesis. 
An important reason for using the SEM is its high resolution that can be obtained 
while examining bulk samples.  The commonly quoted resolution in commercial 
instruments is of the order of 2 to 5 nm. Another important feature of the SEM is its 
ability to produce three-dimensional images. This is due to the large depth of field, as 
well as the shadow-relief effects of the secondary and backscattered electron contrast. 
The larger depth of field of the SEM enables one to gather detailed information about 
the nature of the specimen.  
A LEO 1530 Thermally-Assisted Field Emission (TFE) Scanning Electron 
Microscope (SEM) (shown in Fig 2.8) equipped with detectors for energy dispersive 
spectroscopy (EDS), scattered electrons (SE) and back-scattered electrons (BSE) was 
used in this thesis.  
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2.6 Scanning probe microscopy 
Scanning probe microscopy is a branch of microscopy which is used to obtain images 
of surfaces by scanning a specimen using a physical probe. Using different 
interactions, different scanning microscopes image surfaces to provide important 
information about the specimen. These techniques exploit the ability of the 
piezoelectric actuators to execute precise and accurate movement at atomic level over 
the surface of the sample. 
Depending on the nature of the tip-sample surface interaction different local 
properties of the sample, such as topography, optical absorption, ferroelectric 
polarization or magnetism can be measured. 
2.6.1 Atomic force microscopy 
Atomic force microscopy (AFM) is a very important technique in the structural and 
compositional investigation of a wide range of soft and hard materials. The AFM is 
considered as a powerful tool in providing high-resolution characterization of local 
topographic, mechanical, and thermal properties.  The important components of an 
AFM system are: a tube-scanner, a position-sensitive photo-detector, and a cantilever 
with a probe located at the free end. Fig 2.9 shows the schematics of a standard AFM. 
The sample, mounted on a piezoscanner is fixed by a suction pump. The piezoelectric 
crystal controls movement in the x, y and z directions. The tip of the AFM probe has 
an approximate radius of 5- 10 nm and is generally made of silicon or silicon nitride. 
It is mounted on the piezoelectric cantilever for scanning purposes.  
A laser beam strikes the photo detector after a reflection from the surface of the tip. 
The photo detector has a photo diode, split into four sections, which detects the 
displacement of the laser beam due to the deﬂection of the tip. In this way, 
mechanical movements of the tip are transformed into electric signals and then, using 
appropriate software, a topographic image of the sample can be created. 
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Fig 2.9 A simplified schematics of an atomic force microscope. 
2.6.2 Magnetic force microscopy 
Magnetic Force Microscopy (MFM) was used to examine the local magnetization of 
the grown nanocomposites. Like an AFM, a sharp probe is attached to the bottom of a 
cantilever which scans the sample surface and a laser is reflected off the top of the 
cantilever. The difference is that an MFM probe has a magnetized tip, and so can 
respond to local changes in magnetization at the surface of the sample.  
Typically, a magnetic probe is a standard silicon or silicon nitride cantilever coated 
with a thin film of a magnetic material like cobalt, which has been previously 
magnetized. The cantilever deflection is the result of the interaction of the tip with the 
stray fields of the magnetic domains on the surface of the sample. The mapping of the 
magnetic forces or force gradients above the sample surface is achieved when a 
sample is scanned under the tip.  The mode of operation is essentially non-contact 
imaging. The force gradient detected contains information about the surface 
morphology and surface magnetization images of the magnetic domains. 
Close to the surface, signals from surface topography dominate while at a larger 
distance from the surface (typically beyond 100 nm), the contribution of the magnetic 
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signal dominates. Consequently, depending on the tip-surface distance, normal MFM 
images may contain a combination of morphological and magnetic signals. 
Topographic and magnetic details from the same scan can be related to each other; 
however, methods have been developed to separate topography and magnetic features, 
so that magnetic domains can be mapped without the influence of topographical 
features.   
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Chapter 3 
3.  Magnetoelectric properties of 0-3 composites 
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This chapter discusses magnetoelectric (ME) response in particulate (0-3) 
composites of barium titanate (BTO) and cobalt ferrite (CFO) with CFO 
particles embedded in a three dimensional matrix of BTO. The sol-gel 
technique was used to prepare these composites. Four different compositions 
with different molar ratios of the magnetostrictive CFO phase embedded in a 
BTO matrix were studied to find out the influence of the magnetostrictive 
content. With increasing CFO content, the number density of interfaces 
between the two phases also changes, so affecting the magnetoelectric 
response. The latter can be quantified by measuring the magnetoelectric 
voltage coefficient, and this has been done by two different approaches, viz. 
the magnetocapacitance method and the lock-in technique. Both techniques 
confirmed that the magnetoelectric coupling effect increases linearly with the 
applied magnetic field. Its increase with the magnetostrictive content in the 
composite is non-linear, and this has been explained in terms of a 
compounded effect of increasing CFO content and larger interfacial area 
between the two phases.  
Elastic interaction between the piezoelectric ceramic phase (usually BaTiO3 (BTO), 
Pb(Zr,Ti)O3 (PZT)) and magnetostrictive phase (usually ferrites) facilitates the 
coupling  between electric and magnetic order parameters
9; 65; 84
. In ceramic 
composites, the ME response is dependent on the following key parameters
18; 112
: 
 synthesis process 
 composition 
 microstructure  
 texture 
 heat treatment 
 geometry (or connectivity) of the composites.  
Lead based ceramic piezoelectric materials like Pb(Zr,Ti)O3 (PZT)
80
, Pb(Mg1/3Nb2/3)1-
xTixO3 (PMN-PT)
30; 33; 113
 and PbTiO3 (PTO)
79; 114
, with large piezoelectric response 
are commonly used in a wide range of devices such as sensors and actuators. There is 
a need to replace these materials because of the high toxicity
115
 of lead. As a result, 
composites with lead free piezoelectric components are desired for the next 
generation of multifunctional devices.
5; 6; 11; 49; 116; 117
. Barium titanate
34; 118
 (BaTiO3), a 
lead-free ferroelectric perovskite, appears as a very attractive alternative in this 
context 
49; 116; 119
. 
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3.1 Theoretical models 
Particulate ceramic composites (0-3 or 1-3 type), remain challenging
18
 because it is 
difficult to achieve the following: 
i. a well-dispersed reasonable quantity of the magnetostrictive phase in the 
piezoelectric matrix, 
ii. coherent interfaces favourable for an efficient strain transfer between the 
constituent phases, and 
iii. sharp piezoelectric-magnetostrictive interfaces, i.e. avoiding  interfacial 
diffusion.  
Different theoretical models
18; 21; 120
 have been used to analyse the dependence of ME 
properties on the volume fraction of the magnetostrictive phase dispersed in the 
piezoelectric matrix of particulate composites. These are briefly overviewed in the 
following: 
i. Simple cube model121 (CM), in which particulate composites of 0-3 type are 
considered as consisting of small cubes and then fields for each cube are 
solved using relevant boundary value conditions.  
ii. Green’s function technique18; 21 which takes into account the average fields of 
the constituents and provides information about the effective properties of the 
composites including the ME coefficient. Using Green’s function, two main 
approximations are incorporated to obtain the ME properties of the 
composites:  
a. Non-self-consistent approximation (NSCA): the host matrix phase is 
considered as a reference medium 
b. Self-consistent approximation (SCA): the matrix is considered as an 
effective medium 
iii. Micromechanics model120 in which the constitutive equations that describe the 
mechanical-electric-magnetic coupling in ME composites are solved using 
simulations to obtain the ME coefficient. The results from this approach are 
almost consistent
18
 with the NSCA from Green’s function technique.  
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3.2 Why 0-3 composites?  
A comparison of the CM, NSCA and SCA approximations
18; 21; 122
 of the ME response 
in particulate composites of CoFe2O4 (CFO) embedded in a BaTiO3 (BTO) matrix is 
depicted in Fig 3.1 (a) and (b). Here 33 is the matrix element of the magnetoelectric 
coefficient measured in the direction of the magnetic field applied along the z-axis. 
The volume fraction of the CoFe2O4 phase is denoted by f and p is the aspect ratio of 
the embedded nanostructures. 
 
Fig 3.1 Calculated ME response α33 for particulate composites (0-3 or 1-3) with 
CoFe2O4 as the embedded phase in a BaTiO3 matrix (a) using NSCA and 
CM and (b) using SCA. Triangles represent the experimental data
18; 21; 122
. 
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The figure of merit, ME voltage coefficient “α33” is the output voltage developed 
across the composites along the same axis as of applied magnetic field (z-axis in this 
case).  This figure shows that
18; 122
: 
i. the simple cube model (CM) overestimates the ME response in composites, 
ii. the predicted coupling effects are similar in the case of the non-self-consistent 
approximation (NSCA ) and the self-consistent approximation  (SCA), and  
iii. maximum ME response in 0-3 and 1-3 composites can be achieved with a 
volume fraction f ~ 0.6 and  f ~ 0.9 respectively. 
For a maximum ME response in case of 1-3 ceramic composites, it is difficult to 
achieve a well-dispersed high concentration (f ~ 0.9) of the magnetic phase while 
avoiding percolation and agglomeration effects. So fabrication of 1-3 composites are 
really challenging at the bulk scale. Also, with such a high concentration (f ~ 0.9), the 
low resistance magnetic phase creates huge leakage problems. However, the situation 
is not so bad in case of 0-3 composites, which is why this system is preferred in 
ceramic composites.  
3.3 Objective of study 
In view of the discussion presented in the foregoing section, it is highly desirable to 
experimentally investigate the dependence of the ME response on the volume fraction 
of the magnetostrictive content and to identify the model which best predicts the ME 
coupling values. For this purpose, the grown composites have been investigated for 
the direct ME response. Materials with large direct ME effects have the potential for 
use in efficient energy harvesting devices as well as in highly sensitive flux meters 
that can potentially replace the low-temperature superconducting interference 
devices
8; 31; 32; 34
 (SQUIDS) used for this purpose.  
The objective of this part of study was to prepare composites consisting of particles of 
magnetostrictiveve CoFe2O4 (CFO) embedded in a three dimensional matrix of 
piezoelectric BaTiO3 (BTO) without using any binder and to investigate the effect of 
the embedded magnetostrictive content on the ME response. This problem was 
identified due to the lack of experimental studies on the dependence of the ME 
response on the magnetostrictive volume. 
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3.4 Preparation of BaTiO3-CoFe2O4 composites  
The sol-gel method was employed to make ceramic composites of BaTiO3 and 
CoFe2O4. Gels of both constituents were prepared and then mixed with each other in 
four different molar ratios. These four different compositions were labeled as 20-80, 
30-70, 40-60, and 50-50 CFO-BTO respectively. As an example, 20-80 represents a 
composition with 20% (molar ratio) magnetostrictive content embedded in a three 
dimensional matrix of the (80%) piezoelectric content. 
 
Fig 3.2 Schematics showing the preparation of composites by sol-gel technique and 
their subsequent processing. 
Composite powders were obtained after drying the gel at 120C, followed by 
calcination of the obtained powder in air at 850C for two hours. The powders were 
subsequently pressed into pellets using cold isostatic pressing and then sintered at 
1000C for twelve hours in air. A schematic of the synthesis procedure is shown in 
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Fig 3.2. Silver paste was used to paint electrodes on both faces of the pellets. The 
measured densities of these pellets are given in Table 3.1. 
Table 3.1 Measured densities of the prepared BaTiO3-CoFe2O4 composite samples. 
 
 
3.5 Results and discussion 
3.5.1 Crystallography 
Structural properties of the CFO-BTO composites were studied by using an X-ray 
diffractometer (Xpert Pro, Panalytical) with Cu-Kα radiation. Bragg-Brentano θ-2θ 
patterns as shown in Fig 2.3, confirmed the presence of the different crystallographic 
orientations of spinel and perovskite phases in all four samples representing CFO and 
BTO respectively. No extra peaks corresponding to impurity phases could be 
identified in the diffraction pattern of any sample. The normalized intensities of the 
major peaks were found to be in proportion to the content of the CFO or BTO phase. 
BTO and CFO peaks have been labeled according to reference cards 00-005-0626 and 
00-022-1086 (International Centre for Diffraction Data). Using the Scherer formula 
for the major peaks of CFO and BTO, the calculated crystallite sizes are about 110 nm 
and 120 nm respectively.  
Sample name 20-80 30-70 40-60 50-50 
Density (gcm
-3
) 3.404 3.284 3.102 3.024 
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Fig 3.3 X-ray diffraction pattern of (a) 20-80, (b) 30-70, (c) 40-60 and  (d) 50-50 
CoFe2O4–BaTiO3 composites. 
3.5.2 Magnetic and ferroelectric properties 
Magnetization hysteresis (M-H) loops in Fig 3.4 show the magnetic properties of the 
CFO-BTO composites, measured at room temperature using a vibrating sample 
magnetometer (Riken-Denshi). It can be clearly seen that the saturation and remanent 
magnetization values increase with increasing CFO content. A slight increase in the 
coercivity from 580 Ôe for the 20-80 composite to ~ 880 Ôe for the 30-70 and 40-60 
composites can be detected. These effects point towards stabilization of ferromagnetic 
interactions with increasing CFO content.  
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Fig 3.4 Magnetization hysteresis loops of CFO-BTO composites measured at room 
temperature. 
3.5.3 Magnetoelectric effect 
Measuring the ME effect requires the measurement of changes in ferroelectric 
polarization in response to a magnetic field or the changes produced in the magnetic 
order due to an applied electric field. Both these phenomena are technologically 
significant
18
. It is very difficult to measure ME coupling between the piezoelectric 
(BTO) and magnetostrictive (CFO) phases, because the hopping conduction 
mechanism between Fe
+2
 and Fe
+3
 ions in the CFO phase
121; 123
 lowers its resistivity. 
This prevents the development of a significant ME voltage across the sample. To 
address this issue, some alternative approaches/methods have been established to 
estimate the strength of the ME coupling in magnetoelectric multiferroics. Two of 
these techniques have been used in this work and these are briefly discussed below. 
3.5.3.1 Magnetocapacitance 
When a composite ME multiferroic is exposed to a magnetic field, the 
magnetostrictive phase gets strained because of magnetostriction. This magnetic-
field-induced strain, when transferred to the piezoelectric phase induces polarization 
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in it.  The change in the dielectric response of the sample can be quantified by 
magnetocapacitance
124-126
 measurements. Magnetocapacitance
124-126
 is defined as the 
change in capacitance in the presence of a magnetic field normalized by the zero-field 
capacitance, i.e., 
𝑀𝐶 = 
ΔC
C
 × 100% =
𝐶𝐻 − 𝐶𝐻=0
𝐶𝐻=0
 × 100% Eq. 3.1 
Here CH and CH=0 are the values of the capacitance with and without magnetic field 
respectively. 
A set up consisting of a capacitor with the composite pellet as the dielectric medium 
sandwiched between two electrodes (made by coating the faces of the pellet with 
silver paint) was used to measure changes in the dielectric constant of the sample in 
the presence of a magnetic field produced by an electromagnet. The 
magnetocapacitance measurement setup is shown in Fig 3.5. A Wayne Kerr Precision 
Component Analyzer (6440B) was used to provide an ac voltage (of amplitude 1 V) 
to the sample. The dc magnetic field was varied between 150 and 1315 Ôe. All 
measurements were done at room temperature.  
 
Fig 3.5 A schematic of the setup used to measure magnetocapacitance. 
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The dielectric response is dependent on the frequency of the applied ac voltage. The 
measured dielectric response (magnetocapacitance) for all four samples is shown in 
Fig 3.6.  
 
Fig 3.6 Frequency dependence of magnetocapacitance for different samples of CFO-
BTO composites measured using a magnetic field H = 1315 Ôe. 
All samples exhibit positive magnetocapacitance values. The magnetocapacitance 
increases rapidly with increasing frequency then saturates to a value that is 
proportionate to the piezoelectric content of the sample. One can see that the 
magnetocapacitance values increase from about 1% (in the 20-80 composite) to 7.8% 
(in the 50-50 composite). These result  agree well with the similar results obtained on 
CFO-PZT composite films
127
 and CFO-BTO core-shell nanocomposites 
127
. In order 
to understand this behavior one has to consider different contributions to the total 
electric polarization of a dielectric material. These are as follows: 
i. electronic polarization because of the perturbation in concentricity of the 
negatively charged electron cloud and the positively charged nucleus, 
ii. ionic polarization due to mutual displacement of oppositely charged sub-
lattices in response to an external stimulus, 
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iii. orientation polarization because of the alignment of the permanent dipoles 
present in a material, 
iv. space-charge polarization due to spatial inhomogeneities of the charge carrier 
densities, as observed in semiconductors and in ceramics with electrically 
conducting grains and insulating grain boundaries; this is the so called 
Maxwell-Wagner effect
105; 116; 119
, and 
v. domain wall polarization which appears  because of domain wall motion in 
ferroelectric materials 
Each contribution appears because of a short-range movement of charges in response 
to an applied electric field. These movements occur at different time scales and hence 
in different frequency regimes. The dispersion of the real part of dielectric function is 
shown in Fig 3.7. Space charge-polarization which appears because of immobile 
charges confined at an interface may occur at a wide frequency range from mHz up to 
MHz, depending on the local conductivity.  Reorientation polarization takes place 
from mHz upto a few GHz.  Magnetocapacitance has been investigated in this work at 
frequencies (up to 2 MHz). Relaxation effects appear for orientation polarization and 
space-charge polarization which result in the observed dependence of the 
magnetocapacitance on the frequency of the applied ac voltage as shown in Fig 3.6. 
 
Fig 3.7 Frequency dependence of real part of the dielectric function
116; 119
. 
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Fig 3.8 Magnetocapacitance (MC) of CFO-BTO composites as a function of (a) 
magnetic field H and (b) CFO content in CFO-BTO at a fixed dc field of H = 
1315 Ôe. 
Magnetic field dependence of the magnetocapacitance at a fixed frequency of 0.5 
MHz is shown in 3.8 (a). With weaker magnetic field, the magnetocapacitance is quite 
small and almost constant at low fields for all four samples. A sharp increase is 
observed as field strength increases to 1100 Ôe. This was verified several times in 
experiment. This effect is largest in the 50-50 composite. Due to experimental 
limitations, magnetic fields larger than 1315 Ôe could not be used, but this has been 
identified an important problem for future work. The underlying reason for such a 
sharp increase is not entirely clear but we believe that this behavior may have 
appeared due to the sudden sharp increase in the magnetostriction of CFO at about the 
same values of the dc field
71; 128
.  
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Fig 3.8 (b) shows the variation of MC with CFO concentration for a fixed field H = 
1315 Ôe and different frequencies between 0.1 MHz and 1 MHz. A strongly nonlinear 
dependence of MC on the CFO content can be seen in Fig 3.8 (b). This is due to the 
compounded effect of: 
i. increase in the magnetostrictive phase resulting in an increase in the magnetic-
field induced strain and hence the induced polarization in the piezoelectric 
phase, and 
ii. increase in the number density of CFO-BTO interfaces, resulting in the 
transfer of larger magnetic-field-induced strain to the piezoelectric BTO 
phase. 
There is an ongoing controversy in the literature that the MC effect in composite 
multiferroics may appear because of the mechanical coupling of the magnetostrictive 
and piezoelectric contents and hence is not a reliable method to measure 
magnetoelectric coupling
126; 129
. It has been argued that Maxwell-Wagner behavior, 
which appears in composites of different electrical conductivity values, could also 
result in the appearance of magnetocapacitance. In fact, there are reports of 
magnetocapacitance even in the absence of any magnetic phase
129; 130
. The origin of 
MC in this case is explained
129
 as a combination of magnetoresistance and the 
Maxwell-Wagner effect, giving rise to an artifact that appears as the ME coupling. So 
it is argued that MC measurements alone are not sufficient evidence of 
magnetoelectric coupling.  
3.5.3.2 Lock-in technique 
In order to confirm the existence of mechanical coupling in the investigated samples, 
we have measured the magnetoelectric voltage coefficient v using a lock-in 
technique
65; 84; 131-133
. This is a widely accepted approach to measure the ME effect. 
The magnetoelectric voltage coefficient
131; 132
 (v) is defined as  𝛼𝑉 = 
𝛼
𝜀𝑜𝜀𝑟
 , where  
is the ME coupling coefficient, o is the permittivity of free space and r is the relative 
permittivity of the dielectric medium.  
The schematic diagram of the experimental set-up is shown in Fig 3.9. It consists of 
the following components: 
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i. a dc electromagnetic to induce magnetostriction in the magnetostrictive CFO 
phase  
ii. a Helmholtz coil driven by an ac current generated by an Escort EGC-2230 
function generator at frequencies up to 20 kHz, to modulate the induced ME 
voltage 
iii. a gaussmeter to measure the amplitude of the ac magnetic ﬁeld (Lakeshore 
475 DSP gaussmeter was used in RMS operational mode), 
iv. a lock-in ampliﬁer (Standford Research System, SR 830), used in differential 
mode to detect the ME voltage. 
 
Fig 3.9 Schematics of the setup used to measure the dynamic magnetoelectric effect in 
composites using the lock-in technique.  
The lock-in technique is advantageous
131
 over the static (MC) approach because the 
contribution of space-charge polarization can be eliminated due to the application of 
an ac magnetic field. The induced ME voltage signal has a well-defined frequency, 
which is in phase with the driving current and can be measured by the lock-in 
amplifier with reduced noise. The transverse ME effect (voltage measured 
perpendicular to applied magnetic field) and longitudinal ME effect (voltage 
measured parallel to the applied magnetic field) were also measured as a function of 
the ac magnetic field frequency. 
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The measured output voltage plotted against the amplitude of the applied ac magnetic 
field for all four composite samples is shown in 3.10.  All measurements were made 
at a fixed frequency of 1 kHz. The transverse voltage varies linearly with the 
amplitude of the applied ac magnetic field. A similar trend has been reported
134
 in 
bilayers of SrAlxFe12-x O19 hexaferrites (where x = 0, 0.8, 1.2) and PbZrTiO3 (PZT). 
The obtained values of voltages were used to calculate the magnetoelectric voltage 
coefficient using the following relation
131; 132
: 
𝛼𝑉 =
𝑉𝑜𝑢𝑡
𝑡 × 𝐻𝑎𝑐
 Eq. 3.2 
where Vout is the output voltage t is the thickness of the pellet and Hac is the amplitude 
of the ac magnetic field.  
 
Fig 3.10 Dependence of transverse output voltage on the amplitude of the ac magnetic 
field measured for different CFO-BTO composite samples at frequency f = 1 
kHz. 
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Fig 3.11 Dependence of the magnetoelectric voltage coefficient v on CFO content in 
CFO-BTO composites. 
The dependence of the ME voltage coefficient on the CFO content is shown in Fig 
3.11. Errors are smaller than the symbol size as the sensitivity of the lock-in amplifier 
is of the order of nanovolts. This is clearly a non-linear behaviour, similar to that 
obtained in Fig 3.8 (b). Larger the CFO content, higher is the magnetic-field-induced 
strain because of the large magnetostriction of CFO, which is transferred to the BTO 
phase resulting in enhanced ferroelectric polarization and output voltage measured 
across the thickness of the sample. This trend is somewhat similar to that seen in Fig 
3.1, though the measured coupling values are weaker than the maximum reported 
value of 130 mV/cm Ôe for the quinary Fe-Co-Ti-Ba-O system
65; 84
. 
3.6 Summary and Conclusions 
In this part of the thesis, we report a comparison of the ME response obtained from 
two different approaches; i) the magnetocapacitance (or MC) method and, ii) the 
dynamic method. The strength of the ME coupling in BaTiO3-CoFe2O4 composites as 
measured by these two techniques has somewhat different values. Both of these 
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techniques show a non-linear dependence of the coupling coefficient on the ratio of 
the magnetostrictive content of the composites. In both cases the coupling coefficient 
depends linearly on the strength of the applied magnetic field. We find that the two 
methods complement each other in different frequency ranges. At lower frequencies 
of the induced voltage, the lock-in technique is a suitable approach to measure the ME 
coupling since it avoids errors due to charge accumulation at grain boundaries. 
However, at higher frequencies of the induced voltage, it is easy to avoid such 
contributions in the polarization (as discussed in Fig 3.7) and so magnetocapacitance 
measurements give more accurate coupling values.  
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Chapter 4 
4.  Annealing control of magnetic anisotropy 
  
61 
 
This chapter discusses heteroepitaxially grown magnetoelectric multiferroic 
nanocomposite of BaTiO3 (BTO) and CoFe2O4 (CFO) grown by 
combinatorial pulsed laser deposition i.e. alternating ablation of two 
ceramic targets. Two different substrate temperatures (650C and 710C) 
were used to grow nanocomposite films with columnar structures of CFO, 
about 10 – 20 nm in diameter embedded in a three dimensional network of 
BaTiO3 matrix. The very strong vertical compression as studied by X-ray 
diffraction induces a large perpendicular magnetic anisotropy in the 
nanocomposite film. Post-growth annealing treatment above the growth 
temperature was used as a tool to gradually release this compression. This 
allows one to tune and monitor the stress-induced magnetic anisotropy. 
Additionally, annealing leads to significant enhancement of the saturation 
magnetization MS. Since MS of a pure CFO film remains unchanged by a 
similar annealing procedure, it is proposed that MS depends on the volume 
fraction of CFO phase obtained because of phase separation. It is concluded 
that MS can be utilized to monitor the degree of phase separation in BTO-
CFO nanocomposite films. 
The fabrication of magnetoelectric nanocomposite films requires the integration of the 
individual phases with good interfaces providing effective coupling between them. 
Chemical phase separation of magnetic and ferroelectric oxides co-deposited by 
pulsed laser deposition has been shown by Zheng et al.
63; 103; 135
 to yield 
heteroepitaxial columnar structures with efficient elastic coupling. For BaTiO3-
CoFe2O4 (BTO-CFO) nanocomposite films on (001)-oriented SrTiO3 (STO) 
substrates, CFO is known to form columnar grains in the BTO matrix
18; 63; 92; 103; 126; 
135-141
.  
4.1 Growth of vertical nanocomposites (1-3 type) 
At the nanoscale, materials often exhibit properties which are dramatically different 
from their bulk crystals
92; 116; 142-144
. This is one of the central driving forces for an 
explosive increase in research in nanoscience
92; 116; 142; 144
. The development of 
advanced techniques 
88; 145
 for the growth of complex oxides has led to the possibility 
of fabricating nanostructures of  one compound embedded in a matrix of another. This 
is the so called 1-3 type of composite, in which the embedded nanostructures are 
known to exist in well-defined strain states
43; 74; 89-91; 146-151
. Vertical nanostructures are 
interesting in this regard because epitaxially grown vertical interfaces can induce a 
huge strain in the film. This in turn could dramatically alter the electric and magnetic 
properties of these nanocomposites films
63; 66; 89; 140; 148
. 
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Vertical nanocomposites of piezoelectric and magnetostrictive constituents with one-
dimensional structures (nanopillars/wires/rods) of one phase embedded in a three-
dimensional matrix of the other phase) are very complex structures to grow as 
compared to 0-3 or 2-2 types of composites, as discussed in chapter 1. There are two 
approaches to achieve this (1-3) type of morphology. These are briefly discussed 
below. 
4.1.1 Patterning techniques 
Well-ordered nanostructures have seen an increasingly high interest in the recent 
years because of their technological significance
116; 143; 144; 152
. As a result an 
enormous number of patterning techniques have been developed which involve 
complex technological process and huge equipment cost
145; 152-154
. A number of 
interesting patterned structures have been reported which include, nanotubes
153; 155
, 
nanodots
152; 156; 157
, nanodisks
156
, composite magnetoelectric nanostructures with 1-3 
connectivity
145; 155
, and multilayered nanodots (0-0 type connectivity)
158
. 
4.1.2 Self-assembly 
Vertical nanocomposites can be grown by an approach known as self-assembly, 
which is effective in terms of cost and time but is challenging in terms of 
understanding the growth kinetics. The self-assembly approach is based on two key 
factors
63; 66; 81; 82; 103; 135; 159
. These are: 
i. crystal structure similarity in constituent phases which are the perovskite and 
spinel phases in this study. Both of these systems are oxides with octahedral 
oxygen coordination. Lattice parameters of these systems are commensurate, 
for example spinel CFO has lattice parameter approximately double of the 
basic building block of the perovskite BTO resulting in a lattice mismatch of 
5%. 
ii. high solid solution stability, which is ensured in this case since the constituent 
phases (CFO and BTO) are line compounds, i.e. they have a very high solid 
solution cationic stability or in other words, these cations are immiscible under 
the chosen growth conditions. 
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These two aspects provide an interesting opportunity to create spinel-perovskite 
nanostructures through spontaneous phase separation during growth, preceded by 
diffusion on the hot substrate
28; 81; 135
. The two phases in the nanocomposites films can 
be simultaneously epitaxial with respect to each other as well as to the common 
substrate. In contrast to artificially ordered systems, self-assembly relies on the 
intrinsic ability of the system to organize into ordered patterns. Using pulsed laser 
deposition technique, there are two different approaches to fabricate 1-3 type of 
nanocomposites films through self-assembly. These are discussed below. 
4.1.2.1 Single target approach 
Commonly a single composite ceramic target with all species of the film at or near 
their final average composition is laser ablated. Since the constituent phases are 
immiscible and stable under growth condition, diffusion of the species on the hot 
substrate leads to phase separation and drives the formation of nanocomposites. 
However, this approach has a drawback as it lacks flexibility and control over the 
final composition of the film, because the constituent components may have different 
growth rates.  Also a new target is required for each composition.  
4.1.2.2 Two target approach 
Pulsed laser deposition can be used to grow nanocomposites using a two or multi-
target approach, in which the end member targets are successively (one after the 
other) ablated to produce high quality films. This is known as the combinatorial 
approach. It provides precise and flexible control over the composition of the 
nanocomposites film and is enormously advantageous over the single target approach. 
The combinatorial approach has been used to grow all nanocomposites films samples 
studied in this thesis.  
4.2 Objective of this study 
It is well known that CFO nanocolumns experience a huge strain when grown in a 
BTO matrix because of the large lattice mismatch of ~ 5% between CFO and BTO
63; 
103; 126; 135; 137
. Since the magnetic properties of magnetostrictive CFO are highly 
strain-sensitive with a negative magnetostriction constant of 100  -5.910
-4
, it is 
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desirable to optimize the elastic strain in a way that a large magnetoelectric (ME) 
response can be obtained. This can be done by controlling the composition
149
 or by 
post-growth annealing as reported previously
139
. The former approach has the 
disadvantage that a large strain can only be obtained if the volume fraction of the 
CFO phase is sufficiently small. This restricts the magnetic signal and is not 
conducive to the formation of well-defined magnetic inclusions in the BTO matrix. 
This chapter describes how the magnetic properties of nanocomposite films obtained 
by alternating two-target ablation can be controlled by post-growth annealing without 
changing the volume fraction of the individual phases. The growth temperature TS 
plays an important role in the phase separation
66; 135
 and determines the dimensions of 
the columnar grains of the phase forming inclusions within the matrix of the other 
phase. In pulsed laser deposited BaTiO3-CoFe2O4 (BTO-CFO) nanocomposite films, 
phase separation has been found to occur at TS  ≥ 750°C 
135
. Increasing the growth 
temperature leads to improved phase separation, but also supports the formation of 
dislocations at the CFO-BTO interfaces, releasing some of the elastic strain induced 
by the large lattice mismatch
63; 103
 between CFO and BTO. Phase separation is not 
evident at TS  ≤ 700°C for BTO-CFO nanocomposites ablated from a single composite 
target, and only a broad peak indicating a supersaturated perovskite structure has been 
found by x-ray diffraction
81; 103; 141
. It was proposed that this supersaturated perovskite 
phase incorporates Co and Fe ions into the BaTiO3 lattice, resulting in a broadening of 
the perovskite peak
103; 135; 137
. This chapter discusses the films grown with broader 
perovskite peak with a small shoulder showing CFO under huge compressive strain, 
huge magnetic anisotropy and highly suppressed magnetization.   
4.3 Growth and annealing conditions of BaTiO3-CoFe2O4 
nanocomposites 
Composite films of BaTiO3 (BTO) and CoFe2O4 (CFO) were grown by pulsed laser 
deposition (PLD) with a KrF (248 nm) excimer laser (LAMBDA PHYSIK) on (001)-
oriented single crystals of SrTiO3 (STO) using a combinatorial approach with two 
targets. Oxygen pressure during deposition was kept at 0.1 mbar. The nominal 
compositions of the samples are 0.35CFO-0.65BTO (sample S1, grown at TS = 
710°C) and 0.40CFO-0.60BTO (sample S2, grown at TS = 650°C). A 20 nm thin film 
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of lattice-matched SrRuO3 (a = 3.93 Å) was deposited on the STO substrate as a 
bottom electrode. BTO and CFO targets (obtained from VINKAROLA Instruments 
and having purity of 99.99%) were ablated alternately, interchanging targets after the 
estimated number of pulses for growing the required fraction of a unit cell layer. For 
instance, the CFO target has been ablated until nominally 35% of the thickness of a 
unit cell layer was reached for preparing sample S1. The number of pulses per 
thickness for each component was determined beforehand by growing separate BTO 
and CFO films from their respective targets. The repetition rate was 5 Hz with laser 
energy of 2.4 Jcm
-2
. The thickness of the films (S1: 300 nm, S2: 160 nm) was 
controlled by the total number of laser pulses. Films were subsequently annealed for 
20 minutes at the growth temperature in 1 mbar of oxygen and cooled down in full 
oxygen atmosphere (1 bar) afterwards.  
Post-growth annealing of the samples was carried out in an oven with ambient 
atmosphere for one hour at different annealing temperatures between 750C and 
1050C, after which they were allowed to cool down to room temperature.  
4.4 Properties of as grown and annealed BaTiO3-CoFe2O4 
nanocomposites 
4.4.1 Surface morphology  
The surface morphology of sample S1 as imaged by SEM is shown in Fig 4.1 (a). It is 
similar to that reported earlier
63; 135; 137-139
 showing small CFO grains protruding out of 
the BTO matrix. One cannot directly identify the individual chemical phases because 
of the small size of the grains, but they can be assigned in accordance with published 
work. A similar morphology was observed for sample S2 (not shown here). This type 
of morphology is the signature of composites grown on (001) oriented single crystal 
SrTiO3 substrates
63; 135; 137-139
. 
It is quite obvious from this distribution that most of the islands have diameters in the 
range of 10-20 nm, with a few elongated grains reaching upto a length of 35 nm in 
one direction. CFO grains have been found to grow systematically in size with 
increasing substrate temperature as reported
81; 135
.  The rather low growth temperature 
used in the present study accounts for the small grain diameters.  
66 
 
 
 
Fig 4.1 (a) Surface morphology of BaTiO3-CoFe2O4 nanocomposite film sample S1 
(a) grown at 710°C b) size distribution of CoFe2O4 islands protruding out of 
the flat BaTiO3 matrix. Straight line shows the lognormal fitting of the data. 
Fig 4.1 (b) shows that statistical distribution of the diameters of the CFO 
nanocolumns in the as-grown sample S1. This was obtained by statistical counting of 
N = 550 CFO columns. The data have been fit to a lognormal distribution. 
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Zheng et al.
81; 82
 have explained this type of morphology with the help of the 
Winterbottom model
160
. This model considers the growth of a crystalline nucleus 
which tends to grow in shape as dictated by surface energy terms.  If γ1 is the 
substrate surface energy, γ2 is the surface-energy of crystalline phase and γ12 is the 
interface energy, then the strength of the crystalline phase to wet the substrate is given 
by the following relation: 
∆𝛾 = 𝛾12 − 𝛾1 Eq. 4.1 
There are three growth modes of films which are: 
i. Volmer-Weber (VW): if γ2 ≥ Δγ ≥  -γ2, then the crystal wets the substrate partially 
or, in other words, adatom-adatom interactions are stronger than those of 
adatom-surface; as a result 3 dimensional (3D) adatom islands are formed. 
ii. Frank-van der Merwe (FM): if Δγ ≤ -γ2, then adatoms preferentially attache to 
the surface sites resulting in a very smooth 2 dimensional (2D) layer. 
iii. Stranski-Krastanov (SK): if both of the above mentioned conditions (VM or 
FM) are not satisfied, then the film grows in the SK mode which is an 
intermediate process consisting of 2D layer and 3D island growth. 
Perovskites and spinels are characterized by low energy {100} and {111} surfaces
81; 
82
.  Therefore they grow with different modes on a single crystal substrates. The 
growth mechanism for each phase depends on the substrate orientation
81; 82
 as follows: 
i. on (001) substrates, the perovskite wets the surface completely, while the 
spinel nucleates in the form of pyramids with {111} facets resulting in pillars 
of the spinel embedded in a perovskite matrix; 
ii. on (111) substrates, the spinel wets the surface completely forming the matrix 
while the perovskite nucleates with tetrahedral equilibrium shape and grows as 
pillars with {100} facets; 
iii. on (011) substrates, neither phase wets the surface completely and both phases 
have island-like Stranki-Krastanov growth. 
This model works well for (001), and (111) oriented substrates, but fails to explain
141
: 
i. complicated morphology obtained on (011) oriented substrates  
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ii. preference of spinel to grow as nanopillars on (001) oriented spinel MgAl2O4 
substrates or even a spinel buffer layer 
Slutsker et al. have not only explained the growth of nanocomposites well, but also 
the above-mentioned issues
114; 161; 162
 by assuming each phase present in the 
composite film, as an elastic domain with elastic interaction between themselves and 
the substrate surface. Under the constraint of a stress condition enforced by the 
substrate, elastic interaction of each phase with the substrate controls the morphology 
of the nanocomposites.  
 
Fig 4.2 Atomic force microscopy showing surface morphology of BaTiO3-CoFe2O4 
nanocomposite film (sample S1) annealed at 850°C (a) top-view (b) 3D 
view. 
After post-deposition annealing, larger grains appear at the surface and their average 
size grows strongly with increasing annealing temperature as can be seen in the AFM 
images shown in Fig 4.2 (a) and (b) for sample S1 annealed at 850°C. For annealing 
temperatures T ≥ 850°C, some CFO belt-like structures along the [110] and [1̅10] in-
plane directions can also be observed as reported earlier
141; 163
. Fig 4.2 (b) shows the 
3D image that has been generated using WSXM software
164
. 
4.4.2 Structural properties: 
The lattice structures of as grown and annealed composite films were characterized by 
x-ray diffraction with a Cu source (λ = 1.54 Å) four-circle diffractometer (Philips 
X’pert PW 3373).  
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Fig 4.3 X-ray diffraction pattern of (a) sample S1 and (b) sample S2 in as-grown and 
subsequent annealing states. Annealing temperatures are indicated. 
Bragg-Brentano θ-2θ scans revealed a high degree of out-of-plane crystallographic 
orientation of the composite films. All peaks could be assigned to the spinel-type CFO 
and the perovskite-type BTO structures and are found close to those corresponding to 
the (00l) lattice planes of the STO substrate. The θ-2θ scans showed no detectable 
impurity phases. High resolution scans in the region 2θ = 42°- 48° resolved the CFO 
and BTO peaks as shown in Fig 4.3 (a) and (b) for samples S1 and S2 respectively. 
The peaks from left to right can be identified as CFO (004), BTO (002) and STO 
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(002). Reflections from the SRO layer are not resolved because of the small thickness; 
however, the broad shoulder indicated by the arrow on the left side of the STO (002) 
peak appears because of SRO (002). This has been previously reported in literature
103
. 
With the increase in annealing temperature, the intensity of the CFO peak increases 
and it shifts towards lower angles indicating in an increasing out-of-plane lattice 
parameter. This reveals a reduction in the as-grown out-of-plane strain.  In Fig 4.3 (b) 
(sample S2), there is an additional peak which belongs to the W-Lα line.   
 
Fig 4.4 X-ray phi scans of the (202) reflection for the film components BTO, CFO 
and the substrate STO (a) as-grown and (b) after annealing at 850C. 
The in-plane alignment of the film components and the substrate was investigated by 
phi scans. The ϕ-scans of the (202) peak of the BTO phase and the (404) peak of the 
CFO phase in the sample S1 as well as (202) peak of STO before and after annealing 
at 850°C are presented in Fig 4.4 (a) and (b), respectively. The four-fold symmetry 
indicates a “cube-on-cube” epitaxy of both BTO and CFO on the STO substrate, as 
well as an in-plane epitaxy between the two phases which is well preserved after 
annealing. Therefore, these composite films have three-dimensional epitaxial 
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relationships between the two phases in the film as well as with respect to the 
substrate. 
In Fig 4.3, the CFO (004) peaks appearing at 2θ ~ 43.98° and ~ 44.17°  for the as-
grown samples S1 and S2 respectively, indicates out-of-plane lattice parameters of c = 
8.22 Å for S1 and 8.19 Å for S2.  These values are much smaller than the bulk value 
of a = 8.38 Å. The in-plane lattice parameter calculated from XRD data using the 
(202) reflections for both cases gave approximately the bulk value, revealing relaxed 
growth at the interface with the SrRuO3-buffered substrate. These results show that 
the CFO columnar grains are under strong compressive out-of-plane strain induced by 
the BTO matrix. It amounts to 1.9% and 2.3% for samples S1 and S2 respectively. 
One notes that the compression is slightly higher at the lower growth temperature. 
Thus, the volume of the CFO unit cells is substantially reduced. The BTO (002) peak 
appearing in both cases corresponds to an out-of-plane lattice parameter c = 4.05 Å, 
showing a small expansion as compared to the bulk value of c = 4.038 Å. These 
results can be understood as follows. Bulk BTO has smaller lattice parameters (a = b 
= 3.99 Å, c = 4.038 Å) than CFO (a/2= 4.19 Å). Due to the smaller lattice parameter 
of STO (a = 3.905 Å), the BTO matrix phase grows with the c-axis along the film 
normal as expected. The slight vertical elongation of the BTO unit cell may result 
from both in-plane compressive strain induced by the substrate, and vertical tension 
induced by CFO
63
. The epitaxial relationship between BTO and CFO along the 
vertical interface results in the observed strong compression of the CFO phase, even 
though dislocations have been reported to be present at the vertical interfaces because 
of the large lattice mismatch and lead to some stress relaxation
63
. In contrast, the in-
plane mismatch of CFO with respect to STO is 7.3%, resulting in a complete in-plane 
relaxation of the growing columnar CFO grains
63; 103
. Out-of-plane compression of 
CFO has been reported in similar composite films of BiFeO3–CoFe2O4 (BFO-CFO)
81; 
149; 165
, BiFeO3–NiFe2O4 (BFO-NFO)
159
, PbTiO3–CoFe2O4 (PTO-CFO)
114; 161; 162
, 
Bi5Ti3FeO15-CoFe2O4 (BTFO-CFO)
166
, Sm2O3-BaTiO3 (SmO-BTO)
148
, 
Pb(Zr0.53Ti0.47)O3–CoFe2O4 (PZT-CFO)
167
 and BTO-CFO
63; 103; 135
 on STO substrates. 
The proposed reason for this compression is the residual elastic compressive strain 
along the growth direction
63; 103; 145; 149; 165; 168
 caused by the ferroelectric phase. The 
strong volume reduction resulting from the out-of-plane compression may be related 
to the unusual elastic behavior of CFO reported recently 
75
. In this report CFO films 
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grown on STO substrates show shrinkage in both in-plane and out-of-plane lattice 
parameters, resulting in a negative Poisson ratio
75
. Another possible reason for the 
volumetric reduction may be the presence of cation vacancies
169
 in the CFO phase, 
since the phase separation of CFO and BTO is not complete after film growth as 
discussed below. 
Phase separation of the BTO and CFO may not be complete at the low growth 
temperatures used in our experiment. For example, Co or Fe ions may be substituted 
at the Ti lattice sites of the BTO matrix. This is supported by the magnetization data 
which reveal a strong enhancement of the saturation magnetization after annealing 
(see below). During annealing, different species present in the solid solution diffuse, 
leading to: 
i. changes in the composition of the phases and  
ii. the formation of dislocations relieving mechanical stresses  
Phase separation is a diffusion controlled process
81; 135; 163
 with the diffusion rate 
being an exponential function of temperature. From the XRD data recorded after 
annealing steps (Fig 4.3), it is evident that most of the elastic strain in CFO is relaxed 
at T  ≥ 850°C in sample S1, leading to a nearly bulk-like out-of-plane lattice 
parameter. The BTO peak, too, comes closer to its bulk position (44.85°) after 
annealing at 850°C. One notes that for sample S2 annealed at 1050°C the (200) peak 
seen in the XRD scan indicates the growth of in-plane BTO domains. The mechanism 
promoting in-plane domain growth is not yet clear. It is concluded that annealing at 
sufficiently high temperatures (T ≥ 850°C) has relieved most of the elastic strains in 
the epitaxial nanocomposite. This has probably occurred via both the mechanisms 
described above, completing the separation of the two phases and forming additional 
dislocations at the vertical interfaces.  
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4.4.3 Magnetic properties 
 
Fig 4.5(a) Magnetization loops of as-grown sample S1 perpendicular to the film plane 
and in the film plane along the (100) substrate direction. (b) Out-of-plane 
magnetization loops of a CoFe2O4 film grown at 710C and annealed at 
850C. All loops were recorded at 300 K. 
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In-plane and out-of-plane magnetization loops measured at 300 K for the as-grown 
sample S1 are presented in Fig 4.5 (a). For comparison, Fig 4.5 (b) shows the out-of-
plane magnetization for a planar CFO film grown at the same temperature on STO 
(001) as measured before and after annealing at 850°C. CFO is known to have a large 
negative magnetostriction
71
 coefficient 100  -5.910
-4
. Because of the strong 
observed compression of CFO in the out-of-plane direction, the nanocomposite films 
are expected to show a stable out-of-plane magnetization with very large coercivity, 
when compared with planar CFO films. This is indeed observed in Fig 4.5 (a) and (b). 
These measurements confirm strongly enhanced out-of-plane magnetic anisotropy in 
the nanocomposite film. Similar behavior was observed for sample S2. Different 
origins of the magnetic anisotropy have been discussed in the section 4.4.3.1. 
However, the major contribution if the epitaxial strain (compression) in c-axis of the 
CFO and its huge magnetic anisotropy. 
Fig 4.6 (a) and (b) show the gradual evolution of the out-of-plane magnetization M(H) 
with annealing steps for both samples S1 and S2 respectively. Strikingly, the 
saturation magnetization (MS) of the nanocomposite films increases considerably with 
increasing annealing temperatures. This latter finding cannot be attributed to an 
influence of magnetic anisotropy, since technical saturation has been reached for the 
maximum applied magnetic field of 45 kÔe in the out-of-plane measurements which 
are along the magnetic easy axis. The planar CFO film has been annealed at 850°C in 
order to check if annealing has any influence on the magnetic order in CFO itself. 
This might be possible as, e. g., the distribution of cations over the tetrahedral and 
octahedral lattice sites in the spinel structure of CFO may be altered by the annealing 
treatment. However, no effect on the saturation magnetization of the planar film was 
observed as can be seen in Fig 4.5 (b). Therefore, it is proposed that the strong 
increase observed in MS of the nanocomposite films is related to an increasing amount 
of the CFO phase. In other words, MS can be used to monitor the degree of phase 
separation in the nanocomposite films. Secondly, the coercivity of the samples 
decreases strongly after annealing. This may be attributed to a combined effect of: 
i. the reduced stress-induced anisotropy, and  
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ii. the grain growth which leads to a multidomain state inside the CFO 
grains, while the narrow as-grown CFO grains may essentially be 
single-domain. 
 
Fig 4.6 Out-of-plane magnetization loops after film growth and after annealing at the 
indicated temperatures for (a) sample S1 and (b) sample S2. 
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Fig 4.7 For sample S1, dependence of (a) saturated magnetization and out-of-plane 
strain in CFO on annealing temperature and (b) magnetic coercivity on out of 
plane strain in CFO. 
Fig 4.7 (a) summarizes the dependences of the saturation magnetization and the out-
of-plane strain on the annealing temperature for sample S1. The sharp increase in MS 
gives a clear indication of improved phase separation at higher annealing 
temperatures. The figure also shows the accompanying relaxation in the out-of-plane 
strain in CFO. In Fig 4.7 (b) shows the coercivity HC as a function of the out-of-plane 
strain for sample S1. The linear relation of HC with the strain indicates a dominating 
role of the stress-induced anisotropy in the coercivity over the other contributing 
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mechanisms mentioned above such as grain growth associated with a crossover from 
a single to multidomain state within the CFO columns. The shape anisotropy is 
estimated as indicated in the literature
68; 170: for an aspect ratio of the nanopillars of ≤ 
30 and saturation magnetization of 400 emu cm
-3
, an anisotropy field HK ≤ 2.5 kÔe is 
obtained. This is much smaller than the observed coercive fields for the as-grown 
samples and those annealed at T ≤ 800°C, confirming the elastic compressive strain 
along the vertical axis of the CFO columns as the major origin of the large anisotropy.  
4.4.3.1 Origin of magnetic anisotropy in nanocomposites 
Some basic calculations were made in order to be able to identify the source of the 
large anisotropy seen in the magnetization data. The total energy of a magnetic film 
has several contributions
149; 171
 which are given below. 
i. Zeeman energy is the potential energy of a magnetic moment in a magnetic 
field. If θ is the angle between magnetization vector and the surface plane,  Ms 
is the saturation magnetization and H is the applied magnetic field, then the 
Zeeman energy is: 
𝑢𝑍𝑒𝑒𝑚𝑎𝑛 =  − 𝑀𝑠𝐻𝑐𝑜𝑠𝜃 Eq. 4.2 
 
ii. Shape anisotropy is the preference for  the  magnetization  to  lie  in  a  
particular  direction  in  a given sample and is  given by   
𝑢𝑠ℎ𝑎𝑝𝑒 =  
∆𝑁
2
𝑀𝑠
2𝑐𝑜𝑠2𝜃 Eq. 4.3 
 
where, ΔN is the difference in demagnetization factors between the hard (Nx) and easy 
(Nz)directions,  
∆𝑁 = 𝑁𝑥 − 𝑁𝑧 Eq. 4.4 
  
𝑁𝑥 =
1
𝑝2 − 1
[
1
2𝛾
𝑙𝑛 (
1 + 𝛾
1 − 𝛾
) − 1] Eq. 4.5 
 
𝑁𝑧 =
1 − 𝑁𝑥
2
 Eq. 4.6 
If the aspect ratio of one dimensional structures (rods/pillars/wires) is given by 
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𝑝 =
𝑐
𝑎
  Eq. 4.7 
 
then, 
 𝛾 =
√𝑝2 − 1
𝑝
 Eq. 4.8 
 
iii. Magnetoelastic energy describes the preference for the magnetization to be 
oriented along certain crystallographic directions. If “εij”, “ɑij” and “Bi” 
represent strain tensors, direction cosines and magnetoelastic coefficients, 
respectively, then magnetoelastic energy is  
𝑢𝑚𝑒 = 𝐵1(∈11 𝛼1
2 +∈22 𝛼2
2 +∈33 𝛼3
2 )
+  𝐵2(∈12 𝛼1𝛼2 +∈23 𝛼2𝛼3 +∈13 𝛼1𝛼3) 
Eq. 4.9 
The Bi are related to elastic compliance (Cij) and the magnetostrictive parameters (λhkl) 
of CFO as follows: 
𝐵1 = −
3
2
𝜆100(𝐶11 −  𝐶12) Eq. 4.10 
And 
𝐵2 = −3𝜆111𝐶44 Eq. 4.11 
In this case the strain tensor is limited to 3-3 components only. The magnetic 
anisotropy is the field required to saturate the sample in plane (θ = 0), obtained by 
minimizing the total energy, given as: 
𝐻𝑎 =
2𝐵1𝜀33 + 2𝜋𝑀𝑠
2
𝑀𝑠
 Eq. 4.12 
Elastic constants and magnetostriction for CFO were taken from the report
149
 to be 
C11 = 257 GPa, C12 = 150 GPa, 100  -5.910
-4
, giving B1 = 95 MPa. These 
calculations show that the large magnetic anisotropy arises because of the huge 
compression in c-axis of CFO as seen in (002) scan together with the large negative 
magnetostriction. The calculated anisotropy field of 88 kOe is in close agreement with 
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the measured (by extrapolating magnetization to saturation value along hard axis) 
value of 85 kÔe (for as grown sample S1).   
4.5 Summary and conclusions  
In summary, heteroepitaxial BaTiO3-CoFe2O4 nanocomposite films have been grown 
using a combinatorial two-target approach which offers flexible control over the 
composition of the film. Moderate growth temperatures have been chosen in order to 
analyze the effects of subsequent thermal annealing on the elastic strain of the CFO 
phase and on the magnetization behavior. Films grown at temperatures between 
650°C - 710°C contain columnar CFO grains under very large vertical compression 
leading to strong perpendicular magnetic anisotropy. The calculated anisotropy field 
(for sample S1) of 88 kOe is in close agreement with the measured value.  
The perpendicular anisotropy and associated large coercivity are favorable features 
for applications, since high coercivity nanostructures are required to overcome 
thermal fluctuations in the ever reduced dimensions of magnetic bits where stable 
magnetic state are challenged by the superparamagnetic limit.  Post-growth annealing 
treatments are found to gradually i) release the vertical compression of CFO grains, ii) 
increase the size of CFO grains, and iii) improve phase separation.  Thereby, magnetic 
anisotropy has been gradually tuned by the annealing. The substantial enhancement of 
the saturation magnetization MS with annealing indicates an incomplete separation of 
CFO and BTO at the growth temperature. MS is proposed to depend on the volume 
fraction of the obtained (stoichiometric) CFO phase and may be utilized to monitor 
this volume fraction. Samples grown at low substrate temperatures may possibly have 
a solution of Co and Fe ions at the Ti lattice sites in the BTO matrix. On the other 
hand, the CFO phase obtained at lower temperatures may be cation-deficient, in 
agreement with the reduced unit cell volume observed in this work. Further 
investigations are required to understand the detailed nature of the incomplete phase 
separation leading to the partial suppression of magnetization at low deposition 
temperatures. 
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Chapter 5 
5.  Reversible electric control of magnetization 
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Magnetization control by means of an electric field is a promising strategy to 
lower energy consumption of recording and sensing devices. In order to 
achieve this aim, the search for a fundamental and practical solution to 
modulate the surface/interface magnetism by electric fields is a vital issue. 
The composites grown on SrTiO3, as discussed in the previous chapter, have 
been reported for producing electric field assisted magnetic switching of 
magnetostrictive phase in the perovskite matrix
7; 93; 94
.  However, the 
difficulty in poling the entire sample for thin films makes it very complicated 
to measure the total magnetization change induced by strain. Adoption of 
piezoelectric single crystal substrates then becomes a solution. This chapter 
discusses the reversible electric control of the magnetization in composites 
with perpendicular anisotropy, using a (001) oriented electromechanical 
single crystalline substrate of Pb(Mg1/3Nb2/3)0.72Ti0.28O3 (PMN-PT). 
Magnetoelectric (ME) multiferroics possessing coexisting magnetic and ferroelectric 
orders are interesting because of the cross-coupling effects between the magnetic and 
electric degrees of freedom
4; 19; 27; 28; 117
. They can potentially be used in controlling 
the spin based properties by an electric field, associated with very low power-
dissipation
28; 55
. They present a possible opportunity for the next generation of 
computer digital memory devices
17
, combining non-destructive read operation of a 
magnetic RAM with high-speed and low-power consumption of a ferroelectric 
random access memory (FRAM)
3-5; 44; 49
. 
In a two-phase multiferroic system, the magnetization of the magnetic component 
responds to the strain induced by a piezoelectric component, producing a robust 
magnetoelectric effect
6; 19; 34; 77; 149; 168; 172-174
.  Estimating the strength of the 
magnetoelectric effect requires measuring the effect of the magnetic field on 
ferroelectric polarization, i.e. polarization versus magnetic field, or measuring the 
effect of an electric field on magnetic order, i.e. magnetization versus electric field. A 
difficulty in achieving this lies in that most of the compounds/candidates for 
magnetoelectric composites are either poor insulators or they have strain sensitive 
electric properties, which makes it difficult for them to tolerate the field required to 
switch ferroelectric polarization. As a result an alternative approach has gained huge 
interest which involves the use of electromechanical substrates
6; 34; 168; 174-177
. 
Electromechanical substrates are those which can be strained with electric field. 
There has been a growing interest in combining different functionalities by interfacing 
different materials with appropriate and required functions on the micro- or nanoscale, 
either via multilayering
30; 178
 or by forming vertically grown heteroepitaxial self-
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assembled nanocomposites
76; 91
. Vertical nanostructures have the benefit of reducing 
the clamping effect exerted by a rigid substrate
63; 91; 92; 140
. They also provide an 
additional tool to control the elastic strain in the magnetic component by appropriate 
design of the other component (for example, by embedding magnetic nanocolumns 
inside a ferroelectric matrix), thus allowing tuning of the magnetic anisotropy. In this 
way, nanocomposite films containing CoFe2O4 grown on (001) oriented substrates 
can display a strong perpendicular magnetic anisotropy
63; 76; 149
. 
The two phases in the self-assembled system of BiFeO3-CoFe2O4 (BFO-CFO) 
nanocomposites grown by pulsed laser deposition, separate out at elevated growth 
temperatures
81; 102
, forming CFO nanopillars embedded in a BFO matrix
78; 81; 94; 102; 145; 
149; 165; 168; 179
. In the previous work
76
 as discussed in chapter 4, evidence has been 
found that the chemical phase separation is not complete at lower growth 
temperatures, but it can be completed by post-growth annealing steps. The phase 
separation for BFO-CFO works well at a temperature of 650
o
C used in this work, 
whereas it was not sufficient for the separation of BaTiO3 and CoFe2O4 as shown in 
chapter 4.  
With the discovery of the giant electromechanical
113
 response in crystals of 
Pb(Mg1/3Nb2/3)1-xTixO3 (PMN-PT) with x = 0.27-0.33, this oxide has gained a huge 
interest as a candidate for a piezoelectric substrate material for composite 
multiferroics
30; 168; 172; 175
. A system consisting of a film grown on a PMN-PT substrate 
offers an electrically controlled strain transfer from the electromechanical substrate to 
the film, providing an approach for electric control of magnetization. 
Biegalski et al.
180
 have demonstrated that PMN-PT(001) with x = 0.28 can provide a 
precisely controlled, uniform and reversible strain to epitaxial oxide ﬁlms grown 
above it. Poled PMN-PT crystal with x = 0.28 is monoclinic. Fig 5.1 depicts that both 
in-plane lattice parameters “a” and “b”, can be strained reversibly and uniformly with 
electric field. This electrically induced strain has been used to tune the binding 
energies of different species confined in quantum dots
181
, their emission energy and 
optical modes in microcavities
182
, superconducting transition temperatures
183
 and 
electrical properties
184; 185
 of the above grown epitaxial films.  
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Fig 5.1 Monoclinic lattice parameters of a PMN-PT (001) crystal as a function of the 
electric ﬁeld applied across the (001) sample normal. Lines are linear ﬁts180. 
Wang et al.
168
 have demonstrated a giant magnetoelectric effect in a BFO-CFO 
nanocolumnar composite film on a PMN-PT(001) single-crystalline substrate with the 
composition of x = 0.3, placing it directly onto the morphotropic phase boundary of 
the PMN-PT solid solution system. The extremely large response is based on 
reorienting tetragonal domains in the PMN-PT with an applied electric field along the 
substrate normal which is an irreversible process. The present work is aimed at 
producing reversible electrical control of magnetization.  
Controlling magnetization directly with electric field is the converse magnetoelectric 
effect, which enables, energy-efficient write-up of magnetic bits and as-well-as the 
control of magnetic permeability.  Electric-field-control of magnetic permeability is 
required for the compact and miniaturized microwave devices.  
Conventionally tunability of the RF/microwave devices is accomplished either by 
tuning  the bias magnet(s) mechanically or controlling the electric-current in a 
solenoid or an electromagnet
186
. These conventional devices are bulky, slow, energy-
expensive and noisy. ME compounds possess a distinctive advantage in achieving the 
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energy-efficient (electric field driven) and fast tuning of the RF/microwave devices
117; 
186
.  
5.1 Objective of study 
The present work is aimed at producing electric field driven reversible control of 
magnetization, exploiting PMN-PT (001) with x = 0.28 as a source of a precisely 
controlled, uniform and reversible strain. Reversible electric field control of 
magnetization can be exploited in a number of applications
18; 66; 117
. 
5.2 Growth of BFO-CFO nanocomposites on PMN-PT (001) 
substrate 
Nanocomposite BiFeO3-CoFe2O4 (BFO-CFO) films were grown by combinatorial 
pulsed laser deposition onto PMN-PT (001) substrates, i. e. by ablating two separate 
targets of CFO and BFO alternatingly. Prior to the growth of the nanocomposite film, 
growth rates were calibrated for each constituent using x-ray reflectivity 
measurements on single-component films. The number of pulses for each component 
was chosen in such a way that the desired volume fraction of 40% CFO (columnar 
phase) and 60% of BFO (matrix phase) could be achieved. (These volume fractions 
could be adjusted by the number of pulses used for each component). Targets were 
switched for each monolayer of perovskite unit cells. Before growing the 
nanocomposite film, a 50 nm thick SrRuO3 (SRO) layer was grown as a conducting 
bottom electrode. Single crystalline Pb(Mg1/3Nb2/3)0.72Ti0.28O3 (PMN-PT) with (001) 
orientation (Atom Optics) were used as a substrate. During deposition, the partial 
pressure of oxygen was 0.3 mbar and the substrate temperature was 650
o
C. The laser 
repetition rate was 8 Hz with the laser energy of 1.2 J cm
-2
. The thickness of the 
composite films estimated from the total number of pulses is about 100 nm, which 
was also confirmed by the cross-sectional SEM images. 
5.3 Properties of BFO-CFO on PMN-PT (001) substrate: 
5.3.1 Surface morphology:  
Fig 5.2 (a) shows the surface morphology of the as-grown BFO-CFO nanocomposite 
film, studied by scanning electron microscopy. The surface shows well defined 
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rectangular crystallites of CFO, which grows in the form of columnar grains in the 
BFO matrix, as reported earlier for the growth of this type of nanocomposite on a 
(001)-oriented substrate
7; 149; 168
. The statistical analysis as shown in Fig 5.2 (b) and 
(c) by considering 550 CFO islands, yields that rectangular islands of CFO have mean 
lengths and widths in the ranges 30 - 40 nm 20 - 25 nm, respectively.   
 
Fig 5.2(a) Scanning electron microscope image showing surface morphology of 
BiFeO3-CoFe2O4 nanocomposite film heteroepitaxially grown on PMN-PT 
substrate, (b) and (c) statistical distribution for 550 CFO islands, (with 
lognormal fit) of widths and lengths of the rectangular islands as seen in 
scanning electron microscopy image. 
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Fig 5.3 a) A schematic diagram showing a CoFe2O4 pillar b) top view of a pillar 
showing (111), (͞111), (11͞1) and (1͞11) facets82. 
Notably, the BFO matrix is flat and undisturbed. The CFO crystallites are oriented 
with their edges along the pseudocubic directions of the substrate. On a (001) oriented 
substrate, considering three-dimensional epitaxy within the grown nanostructures, 
Zheng et al.
81; 82
 have shown that the interface between BFO and CFO is of {110}-
type plane. CFO pillars grow from the substrate to the top, forming islands with 
characteristic facets as shown schematically in Fig 5.3 (a). With respect to the (001) 
plane, the facet planes are at an angle of 54.7° which correspond to {111}-type facets 
as shown in Fig 5.3.  From an application point of view, a more uniform size and 
location of the CFO columnar grains would be desirable. This can be achieved by 
combining patterning techniques with self-assembly. 
5.3.2 Structural properties 
The samples were characterized by x-ray diffraction with a Cu source (λ = 1.54 Å) 
four-circle diffractometer (Philips X’pert PW 3373). High resolution XRD θ-2θ scan 
around the (002) peak of the PMN-PT substrate is shown in Fig 5.4. The most intense 
peaks around 2θ ~ 43.3° , ~ 45° and ~ 46.5° correspond to the (004), (002) and (002) 
reflections of CFO, PMN-PT and BFO respectively. SRO appears as a shoulder to the 
right of the PMN-PT (002) peak. Strain was calculated from the difference of the 
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observed peak positions and positions of the reflections as inferred from 
corresponding bulk lattice parameters (aBFO = 0.396 nm and aCFO = 0.838 nm). Thus 
the BFO-CFO nanocomposite film grown on the (001) oriented PMN-PT substrate 
displays coexistence of the perovskite phase (BFO) and spinel phase (CFO) with (00l) 
texture. To find out the in-plane lattice parameter, a 202 scan was performed which 
was not able to resolve the SRO (002) and BFO (002) peaks, so a reciprocal space 
map around the 113 peak of the substrate was measured. The in-plane and out-of-
plane lattice parameters as calculated have been plotted in Fig 5.5. 
 
Fig 5.4 X-ray diffraction θ-2θ pattern for BFO-CFO self-assembled nanostructures 
grown on (001) oriented PMN=PT substrate with diffracted intensity plotted 
in logarithmic scale (a) 00l scan around the 002 peak, (b) l0l scan around the 
202 peak of substrate. 
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CFO has a cubic structure with the lattice parameter a ~ 8.38 Å in bulk
187
, while 
BFO
150
 has a rhombohedrally distorted perovskite structure with ar ~ 3.96 Å, αr ~0.6°. 
Hence, the misfit between the (doubled, for BFO) unit cells is 5.5%. Thus, 
heteroepitaxy can be expected to put the CFO component under in plane compressive 
stress
7; 78; 81; 82; 93; 94; 149; 165; 168
, unless strain relaxation occurs by dislocation formation 
at the growth temperature 
81
 or via post-growth annealing. The 50 nm thick SRO layer 
has grown nearly relaxed, i.e. with a lattice parameter of 3.93 Å on the substrate. Both 
components of the nanocomposite film could in principle experience compressive in-
plane strain from this SRO under-layer, or grow rather relaxed onto it. 
 
Fig 5.5 In-plane and out-of-plane lattice parameters calculated from the reciprocal 
space map around 113 substrate reflections of BFO-CFO composites grown 
on 001 oriented PMN-PT substrate. 
The in-plane and out-of-plane lattice parameters of CFO and BFO as calculated from 
reciprocal space map around (113) reflection of the PMN-PT substrate, are shown in 
Fig 5.5. The analysis reveals that BFO (001) crystallites are strained. The in-plane and 
out-of-plane lattice parameters of BFO as calculated from the reciprocal space maps 
(RSM) are 0.393 nm and 0.398 nm, respectively. The small in-plane compression 
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(0.75%) is most likely due to epitaxy with the bottom electrode (SrRuO3 (SRO), a = 
0.393 nm). This in-plane compression results in an out-of-plane tensile strain of ~ 
0.38%. CFO crystals on the other hand, have a relaxed in-plane lattice parameter (a = 
0.839 nm) because of the large lattice mismatch with the bottom electrode. However 
the out-of-plane lattice parameter of CFO is under a compression of about 0.4%. the 
source of this compression is the smaller unit cell of the ferroelectric matrix as 
reported
81; 94; 102; 145; 149; 168; 179
. This compression can be controlled by controlling the 
film-growth temperature
81
.  As CFO has a large negative magnetostriction, this 
compression would be reflected in its magnetic properties as well.  
These results are consistent with the calculations from θ-2θ 00l and l0l spectra. The 
most common scenario of the lattice distortions induced by epitaxy is one with an in-
plane epitaxial compression and a subsequent out-of-plane expansion 
179
, except cases 
where the material has a negative Poisson ratio 
75
. But in this case, the unexpected 
out-of-plane compression in CFO with a relaxed in-plane lattice parameter could be 
due to the stress caused by the ferroelectric matrix, as reported previously
7; 12; 28; 63; 76; 
81; 82; 93; 103; 135; 148; 159; 179
.  
5.3.3 Magnetic properties 
From the point of view of applications, arrays of magnetic nanostructures with well-
defined magnetic anisotropies are highly interesting. The magnetic hysteresis loops of 
the as grown nanostructures were measured by SQUID in the in-plane (IP) and out-of-
plane (OOP) directions and normalized with the volume content of CFO. The results 
are shown in Fig 5.6.  
The magnetic behavior of this sample displays uniaxial anisotropy. The OOP M-H 
curve is more square-like in character with a relatively large coercive field of about 5 
kÔe. On the other hand, the in-plane M-H curve is slim and has a smaller coercive 
field ~ 3 kÔe. The magnetic field required to saturate magnetization in out-of-plane 
curve is smaller than that required in in-plane orientation. The anisotropy field of the 
strain sensitive CFO, can be calculated by minimization of total energy
149
, which has 
contributions from Zeeman energy as well as magnetoelastic and shape anisotropy 
energies.  Under an OOP strain of 0.4% in CFO, the estimated anisotropy field of 21.5 
kÔe, is in close agreement with the measured anisotropy field of about 23 kÔe.  
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Fig 5.6 Out-of-plane (black) and in-plane (red) M-H hysteresis loops of a BFO-CFO 
composite film grown on a (001) oriented PMN-PT substrate. 
The remanence to saturation magnetization ratio for the out-of-plane and in-plane 
orientation is ~ 58% and ~ 15%, respectively. The large coercivity value and 
remanence to saturation magnetization ratio in the OOP orientation as compared to 
the IP orientation shows that magnetization is more stable in OOP orientation. This 
comparison of the M-H behavior in the two orientations suggests that these 
nanocomposite films have preferred magnetic orientation vertical to the substrate in 
the OOP direction, i.e. along the axis of the CFO nanopillars, rather than the in-plane 
directions. The large negative magnetostricition (λ100 ~ -590 × 10
-6 
and λ110 ~ 120 × 
10
-6
)
71
 of CFO shows that it has highly strain sensitive magnetic properties as have 
been reported in case of single films grown in different strain states
169; 188; 189
. The 
residual strain
7; 12; 28; 63; 76; 81; 82; 93; 103; 135; 145; 148; 159; 179
 as seen in XRD analysis, in 
CFO together with the columnar geometry result in perpendicular magnetic 
anisotropy. This strongly anisotropic behavior is highly desired in perpendicular 
magnetic recording and sensing media
149; 190
. The weak as-grown strain in the CFO 
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nanocolumns is favorable for additional strain control of magnetization by means of 
an applied electric field. 
5.3.4 Magnetoelectric measurements 
Schematics of electric field controlled strain applied to BFO-CFO self-assembly, 
grown on a (001) oriented PMN-PT substrate with CFO pillars (blue) embedded in 
BFO matrix is shown in Fig 5.7. Under an applied electric field, reversible in-plane 
strain can be produced in PMN-PT substrate crystal as demonstrated using laser 
interferometry
175
. This biaxial in-plane compression is approximately linear with 
applied electric field
173; 175; 180
 (see Fig 5.1
180
) and can be used to alter the magnetic 
properties
172; 175
 of an epitaxial film grown on a PMN-PT substrate .  
 
Fig 5.7 Schematics of electric field controlled strain applied to BFO-CFO composites 
grown on a 001 oriented PMN-PT substrate with CFO pillars embedded in 
BFO matrix. 
A voltage of V = 0 or 300 V has been applied along the substrate normal between a 
Au/NiCr back electrode on the substrate and a silver paint electrode on top of the 
nanocomposite film. The top electrode is required because of the highly insulating 
character of the nanocomposite film. The substrate voltage allows one to reversibly 
reduce the biaxial in-plane lattice parameter
180
 (Fig 5.1) of the 0.3 mm thick substrate 
by 0.11%, compressing any continuously grown film on top by an equal amount as 
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can be seen from Fig 5.1. The PMN-PT piezocrystal had a thickness of 0.4 mm, so 
that an electric field E ~ 8.75 kVcm
−1
 was produced across it. 
 
Fig 5.8 Magnetization hysteresis loops measured at room temperature in the (a) out-
of-plane and (b) in-plane orientations for two different strain states (E = 0 
and 13.3 kV/cm) of BFO-CFO nanocomposite ﬁlm grown on 001 oriented 
PMN-PT substrate. Vertical axis shows magnetization on left while relative 
change of the magnetization between the two strain states as deﬁned in the 
text are shown on the right. 
93 
 
The electric field causes an in-plane biaxial uniform compression, resulting in the 
elongation of the c-axis of the unit cell of the BFO matrix, so relieving some of the 
strain in the CFO pillars along OOP orientation. Because of the negative 
magnetostricition in CFO, one must expect a decrease in magnetization in the out-of-
plane direction and an increase in the in-plane orientation. The decreasing field 
branches of the M(H) loops measured with and without electric field are shown in 5.8 
(a) and (b) for the OOP and IP orientations respectively.  
The magnetic field was swept from positive (+4.8 T) to negative (-4.8 T), measuring 
half of the hysteresis loop in each case i.e with and without electric field in both 
orientations. However at higher magnetic fields, there is no significant difference in 
the magnetization loops measured with and without electric field, so the field range 
shown is from -3 T to +3 T. Under application of an electric field, the out of plane 
remanence Mr
oop
 decreases by ~ 15% (Fig 5.8 (a)), while the strain-induced 
magnetization change close to magnetic saturation almost vanishes for both 
measuring directions. The remanence enhancement in the in-plane direction is larger 
~ 40% (Fig 5.8 (b)). The electric field causes a decrease of about 20% in coercivity in 
the OOP orientation while in the IP orientation, changes in coercivity are negligible.  
The right axis of each graph in Figure 5.8 (a) and (b) shows the relative changes in 
magnetization, quantified as ΔM/M = [M(8.75 kV/cm) - M(0 kV/cm)] / M(0 kV/cm) 
and expressed as a percentage. The strain-induced changes in magnetization are 
strongest near the coercive field. The different shape of the ΔM/M curves in the two 
measuring directions is caused by the fact that the compression-induced reduction of 
the coercive field dominates the strain response in the out-of-plane direction. The 
coercivity Hc in the nanocolumns seems to be strongly influenced by the electric field 
induced elastic strain when measured along the columnar axis. The in-plane coercive 
field however reveals comparatively little reaction to the reversible strain change (Fig. 
5.8 (b)).  
5.3.4.1 Electric field controlled reversibility of magnetization 
The changes in the magnetic response as seen in Fig 5.8 can be controlled reversibly 
with an electric field, even in the absence of any bias magnetic field. A square wave 
electric field of amplitude ≤ 8.75 kV/cm with time period of approximately 15 
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minutes has been applied perpendicular to the PMN-PT substrate, and the 
corresponding changes in magnetization were recorded in the IP orientation in 
SQUID at 300 K. The magnetic moment is seen to follow the electric pulses in a 
completely reversible manner.  
Fig 5.9 shows an example for reversible switching of the in-plane magnetization with 
an applied voltage of 300 V corresponding to an electric field of E = 6 kV/cm, in the 
presence of a bias magnetic field of 10 kÔe. This reversibility exists even in the 
absence of a bias magnetic field, not shown here. These results show that the in-plane 
magnetization of the BFO-CFO composite film follows the electric field applied to 
the PMN-PT substrate in a completely reversible manner. Fig 5.9 is a clear 
demonstration of the reversible electric control of magnetization in nanostructures 
with perpendicular anisotropy.  
This complete reversibility is very important from the point of view of applications 
and is produced by the appropriate choice of substrate in the present study. The 
Pb(Mg1/3Nb2/3)1-xTixO3 (PMN-PT) substrate with x = 0.28 has a monoclinic structure 
with ferroelectric polarization vector ?⃗?  lying along the body diagonal of the 
pseudocubic cell. When an electric field is applied along the (001) direction, domains 
reorient in the direction of the applied field and as soon as field is removed, the 
polarization reorients itself along body diagonal in a completely reversible manner. 
The changes in both in-plane lattice parameters are linear with respect to each other in 
their response to the applied electric field. This feature enables us to use PMN-PT 
single crystals with x = 28 to precisely control, uniform and reversible strain in 
composite films grown above it
180; 183-185
. 
Wang et al.
168
 have reported a large decrease in the remanent magnetization (~ 80%) 
and coercivity (~ 50%) in the out-of-plane orientation of a CFO-BFO composite film 
grown on a PMN-PT substrate with (002) and (200) domains. The electric field 
applied to the PMN-PT to induce these changes was 5 kV cm
-1
.  They showed that 
this large effect was due to electric field induced changes in the domain structure of 
the PMN-PT, with the IP domains changing to the OOP orientation under application 
of electric field. Although the magnetoelectric effect produced is very large, it was 
found to be reversible only if the substrate was heated at 200C for 0.5 hr. In our case, 
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though the effects are smaller, we observe complete reversibility with electric field, 
which is a major advantage from the point of view of devices applications
5; 18; 30; 117
, 
e.g microwave devices.  
 
Fig 5.9 In-plane magnetic response of BFO-CFO nanocomposite film on PMN-PT 
substrate to the time varying electric field measured at 300 K with a bias 
magnetic field of 10 k Ôe.  
Miniaturization of microwave devices is very crucial for communication systems in 
order to reduce cost and improve their functionality. Ferrites are being used in tunable 
microwave devices and traditionally tunability is achieved by the variation of the 
current-driven bais-magnetic fields. This magnetic tunability could be achieved in a 
wide frequency range, but is relatively slow and noisy and consumes high power for 
operation. Replacing ferrite with ferrite-piezoelectric composites would effectively 
enhance the performance and functionality of these devices 
18; 117
.  
5.4 Summary and conclusions 
Magnetostrictive CFO pillars in self-assembled nanocomposites grown on 001 
oriented substrate experience an out-of-plane compression of 0.4% resulting in 
perpendicular anisotropy. The electric field induced changes in magnetization are the 
consequences of the magnetoelectric coupling. PMN-PT (001) substrate with x = 0.28 
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are useful in having a reversible electric control of magnetization in epitaxially grown 
composite films. This feature is remarkable in the context of electric field control of 
data writing and can be useful in overcoming the power dissipation in the present day 
current driven write technology in memory devices
3; 4
 and microwave devices
186
. As 
the bit size decreases in order to enhance the storage density, the current driven write 
technology becomes a problem as it produces a huge amount of heat at smaller scales 
making it difficult to control magnetization. To overcome this problem, voltage 
driven write technology is required. The results discussed in this chapter, show that 
vertical nanocomposites grown on a PMN-PT substrate with x = 0.28 have a potential 
to replace the current-driven write technology with voltage driven one. It’s a 
multifunctional device, it has a potential to replace the current driven write 
technology and on the other hand, it can enhance the performance and functionality of 
the microwave devices as well. From the point of view of applications, a more 
uniform size and location of the CFO columnar grains would be desirable. This can be 
achieved combining pattering techniques
145; 158
 with self-assembly.  
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 Chapter 6  
6.  Writing electrically, erasing thermally 
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As discussed in the previous chapter, a PMN-PT single crystal with the 
composition Pb(Mg1/3Nb2/3)0.72Ti0.28O3 (PMN-PT), when used as an 
electromechanical substrate, can provide a precisely controlled, uniform and 
reversible biaxial strain in an epitaxial film grown over it. This can be 
exploited to induce completely reversible magnetization changes in 
multiferroic nanocomposite films grown on this substrate. This is an example 
of electric field control of non-volatile magnetic states, which has a huge 
technological significance. On the other hand, if these changes are 
irreversible even after the removal of electric field, then one can address 
non-volatile magnetization directly with electric field. This chapter discusses 
the electric field control of non-volatile magnetic states in self-assembled 
vertical heteroepitaxial nanocomposite films. This study reports huge 
magnetoelectric coupling eﬀects in epitaxially grown vertical 
nanocomposites of BiFeO3 and CoF2O4 on a (001) oriented BaTiO3 
substrate. 
Present day memory devices are based on the current driven read and write 
technology. However, voltage-controlled magnetization is crucial for the continued 
advancement of information technology and hence spintronics
191
. The driving force 
behind the development this advanced generation of spintronic devices is their 
potential to reduce power consumption, increase the integration density and enhance 
functionality by enabling electric-field control of non-volatile magnetic memory. 
Artificial two-phase magnetoelectric multiferroics consisting of piezoelectric/ 
magnetostrictive heterosystems, are interesting because of they can provide electric 
control of magnetic anisotropy
18; 20; 65; 77; 78; 84; 91; 93; 120; 121; 145; 148; 159; 179
. Stable and 
persistent changes in magnetic anisotropy because of an applied electric-field, or in 
other words, electric field control of non-volatile magnetic states is a highly desired 
feature for magnetoelectric storage devices
3; 4
. 
In the previous chapter, non-persistent (unstable) electric-field-induced non-hysteretic 
magnetoelastic effects have been investigated, which means that once the applied 
electric field is removed, i.e. the changes in magnetization are reversible or volatile. 
After removal of the electric field applied across the linear piezoelectric element, the 
strain in the ferromagnetic component releases thus the anisotropy of the 
piezoelectrically strained film is restored. When using a ferroelectric material, to 
induce an electrically controlled precise strain, ferroelectric hysteresis can be 
exploited to impose some residual strain that will persist even after the removal of the 
electric field. We, hereby, report on a non-volatile electric control of magnetization or 
magnetic anisotropy in vertical nanocomposites.  
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6.1 Objective of the study 
The aim of this part of study is to achieve a reversible electric field control of non-
volatile magnetic states. For this purpose, crystals of BaTiO3
118
 are attractive as they 
offer a surface lattice that can be changed dynamically. This feature enables one to 
alter the strain state and hence the magnetization of the above-grown epitaxial film. 
6.2 Growth of BFO-CFO nanocomposites on BTO substrate 
The combinatorial approach was used to grow self-assembled nanocomposites of 
BFO and CFO on (001) oriented crystals of BaTiO3 at 650°C, a temperature which is 
high enough for the phase separation for BFO-CFO system
81; 102
. Growth was carried 
out under a working oxygen pressure of 0.1 mbar. The purpose of using the (001) 
orientation was that it favors the growth of CFO pillars embedded in the perovskite 
matrix
7; 28; 52; 63; 81; 82; 103; 114; 135; 140; 159; 161; 162
, giving rise to perpendicular magnetic 
anisotropy. The repetition rate was 10 Hz with laser energy of 1.2 Jcm
-2
. The 
thickness of the films was controlled by the total number of laser pulses. Films were 
subsequently annealed after growth with an oxygen pressure of 1 atm in order to 
compensate the oxygen vacancies that might be produced during growth
89; 192
. 
Samples were furnace cooled from the growth temperature to room temperature and 
care was taken to slow down the cooling and heating rates below 130°C in order to 
avoid any damage to the BTO crystals due to structural transitions (for details on 
structural transitions in BTO, see section 6.4.1). 
6.3 Properties of the BFO-CFO self-assembled heteroepitaxial 
nanocomposites on BTO substrate 
This section discusses the morphological, structural and magnetoelectric properties of 
the BFO-CFO self-assembled heteroepitaxial nanocomposites on (001) oriented BTO 
substrate. The samples were characterized by x-ray diffraction with a Cu source (λ = 
1.54 Å) four-circle diffractometer (Philips X’pert PW 3373). Surface morphologies 
were studied using scanning electron microscope (SEM) (LEO 1530) and atomic 
force microscopy (AFM). A superconducting quantum interference device (SQUID) 
(Quantum Design MPMS-5S) was used to measure the magnetization.  
100 
 
6.3.1 Surface morphology of vertical nanocomposites 
 
Fig 6.1(a) Scanning electron microscope image showing surface morphology of BFO-
CFO nanocomposites grown on BTO (001) substrate, (b) and (c) statistical 
distribution (with lognormal fit) of widths and lengths of the rectangular 
islands (total number of islands considered N = 500, as seen in scanning 
electron microscopy image. 
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Surface morphology of the self-assembled nanocomposite film was investigated by 
scanning electron microscope. A very interesting morphology with crystallites of 
CFO protruding out of the BFO matrix can be seen in Fig 6.1 (a).   
Most of the crystallites appear as cubic islands with of pyramidal ends; there are a few 
rectangular islands present as well. This kind of the morphology is a signature of 
vertical nanocomposites as seen in a number of reports on CFO and BFO 
nanocomposites
78; 193
. However, the BFO matrix in this case is not as flat as in the 
case of BFO-CFO nanocomposites on the PMN-PT (001) substrate. Later on, it was 
observed, that oxygen pressure during growth plays a crucial role in achieving a flat 
and smooth BFO matrix. With an increase of the oxygen pressure up to 0.3 mbar 
during growth, a very smooth and flat matrix could be obtained as seen in Fig 6.2. 
This chapter discusses the properties of the self-assembled nanocomposite film seen 
in Fig 6.1 (a). The mean length and width obtained by statistical counting of N = 500 
CFO columns is 24 ± 1 nm, and 28 ± 1 nm, respectively.  
 
Fig 6.2 Surface morphology of BFO-CFO nanocomposites grown on BTO (001) 
substrate, grown with oxygen pressure of 0.3 mbar showing a very flat BTO 
matrix. 
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6.3.2 Structural properties of the as grown heteroepitaxial 
nanocomposites 
 
Fig 6.3 High resolution Bragg-Brentano θ-2θ spectrum around the 002 peak of 
BaTiO3 substrate with heteroepitaxially grown BiFeO3-CoFe2O4 self-
assembled vertical nanocomposites. 
High resolution Bragg-Brentano θ-2θ scans around the 002 peak of the BTO substrate 
for the as grown nanocomposite film is shown in Fig 6.3. Analysis shows that a high 
degree of crystallinity was obtained, grown heteroepitaxially on BTO substrate. Peaks 
appearing at 2θ values of ~ 43°, 44. 85° and 45.37° can be labeled as CFO (004), 
BTO (002) and BTO (200), respectively. The splitting of the BTO (200) peak is due 
to the presence of Cu-Kα1 and Kα2 radiations. However, because of the small 
mismatch (~ 0.2%) between BTO (200) and BTO (020), the BFO peak could not be 
resolved. The CFO peak position is a little shifted towards higher angles compared 
with bulk position of 43.058°, which shows a small compression of 0.39%. On (001) 
oriented substrates, CFO grows in the form of nanopillars surrounded by the 
perovskite matrix. CFO pillars experience a compression along their length because of 
the smaller unit cells of the perovskite matrix
81; 91; 165; 170; 194
. In this case, the 
mismatch between CFO and BFO is ~ 5.8 %, while the lattice mismatch of CFO and 
BFO with the BTO substrate is about 4.9 % and 0.75 % respectively. Because of the 
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small mismatch between BFO and BTO, BFO grows with a small tensile strain from 
the substrate, because of which the compression on the CFO pillars increases. 
However, due to the high growth temperature, dislocations have been reported to form 
at the BFO and CFO interfaces in order to compensate the epitaxial strain induced 
because of the smaller unit cells of the matrix
81; 103; 195
 and lattice mismatch with the 
substrate
81; 196
.  
The line scan shown in Fig 6.3 shows that there are two peaks from the BTO substrate 
labelled as BTO (002) and BTO (200). It shows there exist 90° domains in the BTO 
substrate
34
. At room temperature BTO has tetragonal structure, with the polarization 
vector aligned along the c-axis of the unit cell
116
. So the BTO (002) peak represents 
ferroelectric domains aligned along the surface normal (z-axis) of the BTO substrate. 
On the other hand, the BTO (200) peak represents ferroelectric domains oriented in 
the plane of the substrate. This peak, i.e. BTO (200), in fact represents all in-plane 
domains aligned along the x and y-axis. Fig 6.10 shows a schematic diagram 
representing the different types of domains present in the BTO substrate. Details of 
domains in BTO crystals can be found in literature
197; 198
.  
 
Fig 6.4 A Schematics diagram showing (a) a BaTiO3 substrate (b) domains aligned 
along x, y and z axes with white arrow showing the direction of the 
ferroelectric polarization vector. 
6.3.3 Magnetic properties of the as grown film 
Magnetization hysteresis loops of the as-grown nanocomposite film were measured in 
the out-of-plane and in-plane orientations, as shown in Fig 6.5. These measurements 
were made in a SQUID at 300 K. A comparison of remanence to saturation 
magnetization ratios, 44% in the out-of-plane orientation and 29% in the in-plane 
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orientation, shows that magnetization in the out-of-plane orientation is more stable 
than in the in-plane orientation. The source of anisotropy is the small compression in 
the out-of-plane lattice parameter
78; 94; 102; 149; 155; 168; 179
, as seen in structural analysis 
in section 6.3.2, together with the negative magnetostriction of CFO phase. 
 
Fig 6.5 Magnetic hysteresis loops measured at room temperature in the out-of-plane 
and in-plane orientations of as grown heteroepitaxial BiFeO3-CoFe2O4 
nanocomposites on a (001) oriented BaTiO3 substrate. 
6.4 Investigating magnetoelectric response in BiFeO3-CoFe2O4 self-
assembled nanocomposites 
This section discusses the magnetoelectric response in the self-assembled vertical 
nanocomposites of BFO and CFO, heteroepitaxially grown on a (001) oriented BTO 
substrate. Changes in magnetic properties were studied because of the structural 
transitions in BTO substrate and reorientation of the ferroelectric domains in response 
to the applied electric field. 
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6.4.1 Magnetoelectric coupling through BTO phase transitions 
Strain control of magnetization has been investigated by scanning the sample with 
composite self-assembly over a temperature range 50-350 K and measuring the 
magnetic response. This was done in order to find out the influence of the structural 
phase transitions of BaTiO3 crystal on the magnetic properties of the composite film 
grown above it.  
Phase transitions in BTO crystals have been widely reported in the literature
116; 118; 119
. 
BTO has a cubic unit cell (a = b = c = 0.401 nm, α = β = γ = 90°) above 410 K. As the 
temperature decreases, this unit cell transforms into a tetragonal one (a = b = 0.3994 
nm, c = 0.404 nm, α = β = γ = 90°). On further decreasing the temperature, at 290 K 
the tetragonal phase transforms into the orthorhombic (a = c = 0.402 nm, b = 0.398 
nm, α = β = γ = 90°). Below 190 K, the unit cell has rhombohedral structure (a = b = c 
= 0.4005 nm, α = β = γ ≠ 90°). These structures are shown in Fig 6.6 (a), together with 
the accompanying changes in the lattice parameters shown in Fig 6.6 (b).  
 
Fig 6.6 Different phases of the BaTiO3 crystal showing (a) structure (b) lattice 
parameters
116; 118; 119
. 
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Huge changes in magnetization can be seen in magnetization versus temperature 
curve measured in an applied magnetic field of 100 Ôe shown in Fig 6.7. The 
magnetization decreases (~ -57%) at the rhombohedral to orthorhombic transition and 
(~ -17%) at the orthorhombic to tetragonal transition. Percentage changes have been 
calculated with respect to the magnetization values just before the transition 
temperatures. These anomalies in magnetization appear because of the strain induced 
due to lattice distortion at phase transitions of the BaTiO3 substrate. This strain is 
transferred to the ferroelectric matrix and the large changes in the magnetization 
demonstrate the presence of strong magnetoelectric coupling between the matrix and 
the CFO nanopillars. It is difficult to estimate the strain transferred to the 
nanocomposite film because of transitions in BTO substrate because of the 
simultaneous presence of (001), (100) and (010) domains.  
 
Fig 6.7 Magnetization as a function of temperature of vertical nanocomposites with 
CFO pillars embedded in BFO matrix, measured at 300 K along the CFO 
pillars (surface normal of the film) in an applied magnetic field of 100 Ôe. 
6.4.2 Magnetoelectric properties from structural analysis 
Fig 6.8 depicts the line scan around the (002) peak of the BTO substrate, before and 
after application of an electric field (6 kV/cm) across its thickness, at room 
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temperature. As the electric field is applied, the ferroelectric domains get aligned in a 
direction dictated by the external field resulting in an increase in the polarization. 
Detailed studies on ferroelectric domains in BTO crystals and the effect of electric 
field and temperature on them has been reported
197; 198
. After poling, there is a 
considerable decrease in the intensity of the (200) peak in Fig 6.8, which shows that 
the in-plane domains reorient along the electric field direction, which was applied 
normal to the substrate. Because of this rotation (c-axis changing into a), a strain is 
induced which is transferred to the CFO pillars and so changes their strain state. The 
strain present in the CFO nanopillars before poling (0.39%) is due to the BFO matrix 
and after poling, it decreases to 0.1%. This change in the strain state of the 
magnetostrictive phase because of the reorientation of the ferroelectric domains in the 
underlying substrate is a consequence of magnetoelectric coupling. This huge change 
in the strain state and hence the lattice parameters of the CFO crystals would 
influence the magnetic properties of the self-assembled nanocomposites due to the 
strain sensitive (magnetostriction) nature of CFO phase.  
 
Fig 6.8 High resolution X-ray spectrum around the (002) peak of the BTO substrate 
with BFO-CFO nanocomposites grown heteroepitaxially on it before (black) 
and after (red) the application of an electric field of strength 6 kV/cm. 
Vertical dotted lines show the bulk positions of the respective peaks. 
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6.4.3 Modification of magnetic properties using an electric field 
 
Fig 6.9 Comparison of magnetic hysteresis loops of BFO-CFO self-assembled 
nanocomposites before and after the application of electric field of strength 6 
kV/cm in the (a) out-of-plane and (b) in-plane orientations measured at room 
temperature. The axis on the right shows the change in magnetization 
relative to the un-poled state. 
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Magnetic hysteresis loops of the two-phase nanocomposite film in the out-of-plane 
and in-plane orientations are shown in Fig 6.9 (a) and (b) respectively. From Fig 6.8, 
one can see that the intensity of the BTO (200) peak is higher than the BTO (002) 
peak. This means that the number of in-plane domains is higher than the domains 
aligned along the out-of-plane direction. After poling, the intensity of the BTO (200) 
peak decreases slightly, but it is still higher than the BTO(002) peak which undergoes 
a significant increase in its intensity. This shows that some of the in-plane domains 
have reoriented themselves in response to the applied electric field, but most of them 
still lie in the in-plane orientation.  
So because of the reorientation of the in-plane ferroelectric domains of the BTO 
substrate, a compression is induced in the BFO phase, which results in the elongation 
of the out-of-plane lattice parameter of the BFO unit cells. Due to this reason the 
compressive stress on the CFO pillars decreases. Due to reorientation of one domain, 
a strain of 1.25% is induced on the surface of BTO substrate. This strain is then 
transferred to the above grown epitaxial film. Keeping in view, the large negative 
magnetostriction of CFO, one would expect a decrease in the magnetization along 
out-of-plane orientation and an increase along in-plane orientation. This has indeed 
been observed and is shown in Fig 6.9 (a) for the out of plane and in Fig 6.9 (b) for 
the in plane orientations. The magnitude of the relative change in magnetization given 
by 
𝑀𝐸−𝑀0
𝑀0
 is plotted on the right axis for each orientation. Here Mo is the value of the 
magnetization in the un-poled state and ME is its value in a poling field of 6 kV/cm. 
Table 6.1 Comparison of the remanence and coercivity before and after the 
application of an electric field of 6 kV/cm 
Orientation 
Saturation 
magnetization, 
Ms (emu cm
-3
) 
Remanent 
magnetization, 
Mr (emu cm
-3
) 
Coercive 
field, Hc 
(kOe) 
Mr/Ms (%) 
Before application of electric field 
Out-of-plane 385 165 2.1 43  
In-plane 380 110 1.7 29 
 After application of electric field 
Out-of-plane 370 50 1.7 13 
In-plane 250 180 2.25 47 
A comparison of the remanence to saturation magnetization values in the in-plane and 
out-of-plane orientations before and after the application of electric field shows that 
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the preferred orientation of magnetization changes after application of electric field 
(see Table 6.1). Thus, by an electrically induced 90° rotation of domains in the 
substrate, the preferred magnetic orientation can be altered in the film grown on it.  
Fig 6.9 shows that changes in remanent magnetization after the application of electric 
field are huge. Remanent magnetization decreases (approximately -70%) in case of 
the out-of-plane orientation, while an increase (approximately 64%) can be observed 
in the in-plane orientation. These changes correspond to a giant magnetoelectric 
effect
9
 of α = 2.4 ×10−6 s m−1, where α is the Magnetoelectric coupling constant given 
by  𝛼 = 𝜇𝑜𝑑𝑀/𝑑𝐸. It is important to note that these measurements were taken at 
room temperature, making these effects useful in device applications. This coupling 
coefficient is  an order of magnitude higher than the previously reported
34
 value of 2.3 
×10
−7 
s m
−1 
in La0.67Sr0.33MnO3 film grown on BTO substrate. Moreover, in contrast to 
the present work, the reported
34
 coupling strength appears below room temperature 
(200 K).  
Fig 6.9 is a clear demonstration of the electric control of magnetic anisotropy, a 
highly desired feature for the future generation of efficient and multifunctional 
devices
3; 4; 18; 66; 117
. 
6.4.4 Recovering magnetic properties by post-poled annealing 
In the preceding section, it was shown that permanent changes occur in the structural, 
and therefore the magnetic properties of CFO upon application of an electric field. 
This is a clear demonstration of the magnetoelectric response. However, to make it 
useful, it is necessary to erase the electrically written magnetic states. Magnetic force 
microscopy, or MFM, detects the out-of-plane component of the magnetization 
vector. An MFM tip (ANOSENSORS™ PPP-MFMR AFM probe), magnetized 
downwards was used.  
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Fig 6.10 Comparison of the MFM images after (a) electrically modifying the domain 
pattern and (b) restoring the magnetic properties by post-poling annealing at 
130°C, the transition temperature of the BTO substrate. 
Fig 6.10 (a) shows the magnetic domains of the nanocomposite film after poling. Fig 
6.9 (a) shows that the out-of-plane component decreases after the application of 
electric field. Now if the BTO substrate is de-poled, one should be able to retrieve the 
magnetic properties of the un-poled state. Fig 6.10 (b) shows the magnetic domains of 
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the nanocomposite film after de-poling the BTO substrate by annealing at 130°C. One 
can see in Fig 6.10 (b) that after de-poling, the contrast between the light and dark 
regions increases, which is a signature of the recovery of magnetization as it was in 
the un-poled state in the as grown nanocomposite film. This demonstrates that we one 
write and then erase magnetic domains in the nanocomposite grown on the BTO 
substrate by means of an electric field and thermal treatment, respectively. The MFM 
images were obtained in tapping mode, without applied DC magnetic or electric 
ﬁelds. The magnetization of the MFM probe is very small and can be neglected in this 
case. It can then be concluded that variations in the remanent magnetization of the 
BFO-CFO nanocomposite ﬁlms in the out-of-plane direction make the dominant 
contribution to the MFM image contrast. Thus, these MFM results indicate that the 
remanent magnetization increases notably by thermally de-poling the BTO substrate, 
which confirms it is possible to regain a magnetic state by annealing after electrically 
writing it.  
6.5 Summary and conclusions 
Magnetoelectric coupling in CFO-BFO nanocomposites films grown by self-assembly 
on BTO substrates has been demonstrated by exploring changes in the magnetization 
of the composite film induced by structural phase transitions in BTO.  Large changes 
in magnetization can be seen in magnetization versus temperature curve (-57% at the 
rhombohedral to orthorhombic transition and -17% at the orthorhombic to tetragonal 
phase transition). These anomalies in magnetization appear because of the strain 
induced due to structural transitions/distortions of the BTO substrate, and are the 
consequence of magnetoelectric coupling in these nanocomposites.  
A giant ME response was measured inside a SQUID magnetometer. After the 
application of a small electric field (6 kV cm
-1
) across the thickness of BTO substrate 
(entire structure) persistent and sharp changes in magnetization (up to -64% in the 
out-of-plane and 68% in the in-plane orientation) were observed at room temperature. 
These changes  represent a giant magnetoelectric coupling (α = 2.4 ×10−6 s m−1) that 
originates from strain due to electric-field driven switching of ferroelectric in-plane 
domains to out-of-plane orientation in the BTO substrate, as confirmed by x-ray 
diffraction. The resulting distortion alters the strain state of the overlying BFO-CFO 
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nanocomposite film, modifies the magnetic properties and hence the magnetic 
anisotropy of the film. The coupling persists over a wide range of temperatures at, 
above and below room temperature. These results make a very important contribution 
towards the understanding and applications of strain mediated ME effect in 
nanocomposites with perpendicular magnetic anisotropy. 
The reported
34
 coupling values (α = 2.3 ×10−7 s m−1) for a La0.67Sr0.33MnO3 film 
grown epitaxially on a BTO substrate. However the reported coupling value was 
measured at the rhombohedral to orthorhombic transition which occurs at roughly 200 
K in this compound. In the present work, the above mentioned strength of the 
magnetoelectric coupling was measured at room temperature (300K). 
Some other researchers
77; 170; 199; 200
 also have used BTO substrates in attempts to 
introduce ME composites in planar magnetic recording technology. However, with 
the introduction of the perpendicular recording technology in present day memory 
devices, it is highly desired to achieve the electric field control of magnetic anisotropy 
in vertical nanocomposites
168
. Vertical nanocomposites grown on BTO substrates 
exhibit a robust and sharp strain control of magnetization, which is non-volatile in 
contrast to that in composites grown on PMN-PT substrates (chapter 6). This presents 
the possibility of application in high density storage devices. Several reports on BTO 
substrate are based on epitaxially grown magnetic films. However, self-assembled 
nanocomposite grown on piezoelectric substrates of BTO are highly favored for 
applications in recording media as they exhibit several advantages as listed below. 
i. The leakage problem as reported140 in composites on SrTiO3 can be addressed. 
ii. As in the heat assisted magnetic recording approach, no electrical current is 
required for the softening of the magnetic medium; the technology would be 
energy efficient. 
iii. It is easy to confine electric field around a well-defined individual bit, making 
it possible to achieve high resolution.  
iv. The individual magnetic nanopillars in a nonmagnetic (ferroelectric) three-
dimensional matrix appear as very sharp and physically well-defined magnetic 
bit (as seen in Fig 6.1 (a) and Fig 6.2), stable because of the strain from 
ferroelectric matrix. The pillar diameter and size distribution can be reduced, 
together with a good separation between them, to facilitate the technical 
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feasibility of high density memory devices based on these 1-3 
nanocomposites. 
v. They exhibit perpendicular anisotropy even in very thick films as required for 
a significant magnetic signal, which is not possible for a single CFO film 
grown directly onto a substrate.  
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Chapter 7 
7.  Summary and future work 
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7.1 Summary and conclusions 
Magnetoelectric multiferroics exhibiting coexistent electric and magnetic orders that 
are coupled to each other are attractive candidates for use in next generation 
multifunctional devices. Magnetoelectric coupling is the appearance of ferroelectric 
polarization in response to a magnetic field (direct ME effect) or the appearance of 
magnetic order in response to an electric field (converse ME effect). Magnetoelectric 
coupling presents valuable degrees of freedom for applications, the most promising 
possibilities being: i) exploiting the direct ME, ultrasensitive magnetometers can 
replace low-temperature superconducting quantum interference devices, and energy 
harvesters, and ii) using the converse ME effect for energy efficient electric field 
assisted data writing and tunable microwave devices.  
 ME coupling is exhibited by two classes of materials, some naturally 
occurring compounds termed as single phase compounds and artificial or engineered 
ME compounds termed as composites. In single phase compounds, the ME coupling 
is weak and appears well below room temperature which is not useful for device 
applications. On the other hand composites exhibit ME coupling at and above room 
temperature which is massive as compared to single phase compounds.  
 This thesis investigates magnetic and magnetoelectric properties of composites 
consisting of CoFe2O4 (CFO) as a magnetostrictive phase, and BiFeO3 (BFO) or 
BaTiO3 (BTO) as piezoelectric phases. The direct ME effect has been investigated in 
sol-gel derived CFO-BTO composites. The ME response has been found to depend 
non-linearly on the ratio of the magnetostrictive (CFO) content and it is proportional 
to the strength of the applied magnetic field. The non-linear behavior is explained in 
terms of the compound effect of the increasing ratio of CFO content and the number 
density of CFO-BTO interfaces. As the ratio of the CFO content increases, the strain 
induced due to magnetostriction increases, which is then transferred to the BTO phase 
inducing ferroelectric order in it. On the other hand, the increasing ratio of the CFO 
content also results in an increase in the number density of the CFO/BTO interfaces, 
which ensures the efficient transfer of the magnetic-field-induced strain to the BTO 
matrix. 
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With the development of the growth techniques for complex oxides, focus in research 
on ME compounds has also moved to the on-substrate geometry. Among the two 
phase composite multiferroics, vertical nanostructures, consisting of one dimensional 
structures of one phase embedded in a matrix of the other phase, are attractive 
because of their potential to exhibit a strong electrical control of magnetization 
(converse ME effect). 
The second part of this thesis discusses self-assembled vertical nanocomposites with 
the aim to control magnetization in general and magnetic anisotropy in particular. 
These nanocomposites were grown by using combinatorial pulsed laser deposition, an 
approach which is advantageous over the commonly used single composite target 
approach, in terms of flexible and precise control over the composition of the grown 
film. These vertical nanocomposites grown on (001) oriented substrates are 
particularly interesting in the context of perpendicular magnetic recording technology, 
as the grown films on have pillars of the magnetostrictive phase embedded in the 
ferroelectric matrix exhibiting perpendicular magnetic anisotropy. In this work three 
different approaches were used to control magnetic anisotropy. 
i. CFO-BTO nanocomposites with CFO pillars embedded in the three 
dimensional matrix of BTO, were grown on (001) orientation of SrTiO3 
substrates at 650°C and 710°C. The very strong vertical compression in unit 
cell of CFO, as studied by X-ray diffraction, induces a large perpendicular 
magnetic anisotropy in the nanocomposite film together with a suppression of 
the saturation magnetization. Post-growth annealing treatment at temperatures 
higher that the growth temperature was used as a tool to gradually release this 
compression. This allows one to tune and monitor the stress-induced magnetic 
anisotropy. Additionally, annealing leads to significant enhancement of the 
saturation magnetization MS. Since MS of a pure CFO film remains unchanged 
by a similar annealing procedure, it is proposed that annealing leads to 
enhanced phase separation of the CFO phase resulting in the observed increase 
in MS. It is concluded that MS can be utilized to monitor the degree of phase 
separation in BTO-CFO nanocomposite films. 
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ii. An important objective of this thesis was to demonstrate the electric field 
control of magnetic anisotropy from the perspective of device applications. To 
achieve this goal, composites have been grown on electromechanical 
substrates. The CFO-BFO self-assembled vertical nanocomposites with CFO 
pillars embedded in a matrix of BFO were grown on (001) oriented substrates 
of Pb(Mg1/3Nb2/3)1-xTixO3 (PMN-PT) with x = 0.28. PMN-PT crystals with this 
composition can be used as a precisely controlled, electric field driven, 
uniform, biaxial and reversible source of strain. This strain can be transferred 
to the film grown epitaxially on it. The purpose of this part of the study was to 
exploit this property of a PMN-PT crystal and achieve a reversible electric 
field control of magnetization. With such control, BFO-CFO nanocomposites 
on PMN-PT substrates can be viewed as a potential replacement of the current 
driven write technology in present day memory devices. Also, this reversible 
electric field control of magnetization, when applied in microwave devices, 
would enable energy efficient, ultrafast, and precisely controlled tuning.  
 
a. Nanocomposites with perpendicular magnetic anisotropy are 
interesting in magnetic storage devices. For this purpose the 
magnetization changes induced by an electric field must be persistent 
and sharp. For this purpose, the hysteric nature of the ferroelectric 
substrates can be exploited which induces a residual strain in the film 
and even after the removal of the electric field, the changes in 
magnetization remain persistent. Single crystals of BTO are interesting 
as substrates in this regard because they provide surfaces which can be 
dynamically strained. CFO-BFO nanocomposites were grown on BTO 
(001) substrates. Magnetoelectric coupling in CFO-BFO 
nanocomposites films grown by self-assembly on BTO substrates has 
been demonstrated by exploring changes in the magnetization of the 
composite film induced by structural phase transitions in the BTO 
substrate. Large changes in magnetization can be seen in field cooled 
thermal demagnetization M(T) curves (-57% at the rhombohedral to 
orthorhombic transition and  -17% at the orthorhombic to tetragonal 
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phase transition). These anomalies in magnetization appear because of 
the strain induced due to structural transitions/distortions of the BTO 
substrate, and are the consequence of magnetoelectric coupling in these 
nanocomposites.  Novel ME response was measured inside a SQUID 
magnetometer upon application of a small electric field (6 kVcm
-1
) 
across the thickness of BTO substrate. Persistent and sharp changes in 
magnetization (up to -64% in the out-of-plane and 68% in the in-plane 
orientation) were observed at room temperature. These changes  
represent a giant magnetoelectric coupling with a ME coupling 
constant α = 2.4 × 10−6 sm−1 that originates from strain induced by 
electric-field driven switching of ferroelectric in-plane domains to the 
out-of-plane orientation in the BTO substrate, as confirmed by x-ray 
diffraction. The resulting distortion alters the strain state of the 
overlying BFO-CFO nanocomposite film, modifies the magnetic 
properties and hence the magnetic anisotropy of the film. The coupling 
persists over a wide range of temperatures both above and below room 
temperature. The obtained value of α is an order of magnitude larger 
than coupling values (α = 2.3 ×10−7 s m−1) reported34 for a 
La0.67Sr0.33MnO3 film grown epitaxially on a BTO substrate. Also this 
reported coupling value was measured at the rhombohedral to 
orthorhombic transition which occurs at roughly 200 K in this 
compound. In the present work, the above mentioned strength of the 
magnetoelectric coupling was measured at room temperature 
(300K).Therefore these results make a very important contribution 
towards the understanding and applications of strain mediated ME 
effects in nanocomposites with perpendicular magnetic anisotropy.  
7.2 Future work 
The direct ME effect in 0-3 composites has been calculated as a function of the ratio 
of the magnetostrictive content by using different models as discussed in chapter 3. 
Challenges remain in: 
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i. achieving  composites with good dispersion of the magnetostrictive 
content in the piezoelectric matrix,  
ii. attaining a high enough compaction to enable efficient transfer of 
induced changes from one constituent phase to the other, 
iii. avoiding cracks and voids introduced during the compaction process, 
iv. fabrication of composites without using a binder; no binder was used 
in this work, but for magnetostrictive content greater than 50%, the 
pellets were very fragile, 
v. exploring the role of volume or molar ratio of the magnetostrictive 
content experimentally to verify predictions of different models, 
Arc melting was used in an attempt to produce compact composite from the molten 
pellets, but the shape of the solidified composites was not regular, making it 
impossible to measure the ME effect by the techniques used in this thesis. The 
scanning transmission electron microscopy results shown in Fig 7.1 (a), shows the 
presence of the well-defined structures, rods of one phases surrounded by the other. 
The elemental analysis shows a similar kind of periodicity in the Ba and Ti content 
(indicative of the presence of BTO) on the one hand, and Co and Fe content 
(indicative of the presence of CFO) on the other. These structures merit further 
investigations and may prove to be useful for applications.  
 
Fig 7.1(a) cross-sectional image from scanning transmission electron microscopy for 
the CFO-BTO composites grown by arc-melting (b) elemental analysis along 
the red line shown in (c). 
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In case of nanocomposites, well-order and well-defined arrays of magnetic structures 
are very interesting for different applications. It was observed during the course of 
this study that partial pressure of oxygen plays a very important role in achieving the 
desired morphology and this parameter needs to be further explored. 
It is seen that the nanopillars grown solely through self-assembly have rather wide 
size distributions and random dispersion in the matrix. Both these features need to be 
improved for these materials to be useful in device applications. An alternative 
approach to achieve the desired morphology could through a combination of 
patterning techniques and self-assembly. Patterning provides well-ordered nuclei and 
self-assembly leads to a compressive strain from the ferroelectric matrix giving rise to 
perpendicular magnetic anisotropy. 
The composites on PMN-PT substrates with x = 0.28, need to be explored to enhance 
the coupling effect. This system provides a completely reversible control of 
magnetization with electric field, making it useful as a multifunctional device.  
Composites on BTO substrates provide electric field control of non-volatile magnetic 
states and can be exploited in storage devices. A further understanding and 
exploration is required by considering domain structures in ferroelectric BTO 
substrates. 
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